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In ACI Journal next month 


The new ACI standard “Recommended Practice for Evaluation of Com- 
pression Test Results of Field Concrete (ACI 214-57)” will be published in 
the July issue. The standard discusses numerous variations in concrete 
strength, and presents statistical methods which are useful in interpreting 
these variations. Criteria are offered that can be used to establish specifi- 
cations and maintain required uniformity. 


* 


Hersert A. Sawyer and Jack EK. Srernens have prepared “Under-Reinforced 
Concrete Beams Under Long-Term Loads.’ The effect of an increase in the time of 
application of load on both deformations and strength of under-reinforced concrete 
beams is reported. Test results show that increased term of loading causes important 


changes in moment-curvature relationship. 


General Method for Analysis of Flat Slabs and Plates’? by Joun F. Brovente offers 
a theory for analysis of moments, shears, and deflections in plates. A method is developed 
for its application to flat slab and flat plate structures. This theory is applicable to any 
shape internal panels with known column reactions, and tables are presented for the 
quick determination of moment, shear, and deflection at any point of the panel 
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WARRINGTON G. MircHe..’s paper, “Significant Effects of a Waterproof 
Coating on Concrete Durability,” sets forth results of research on impervious 
surface coatings to maintain concrete durability. Neoprene-latex-coated 


concrete was subjected to freeze-thaw and sand-blast tests. 
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‘Control Joints Regulate Effect of Volume Change in Concrete Masonry” represents 
the combined efforts of G. A. Mansrre.p, C. A. SrrrineE and BENJAMIN WILK. Practi- 
cal and easy methods of control jointing are set forth. Authors explain that undesirable 
fractures in concrete masonry occur rarely, if at all, when good construction practice, 
embodying an effective control joint procedure is followed in conjunction with struc- 


turally adequate designs and proper architectural details 
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SYNOPSIS 


Subcommittee IT, ACI Committee 622 reports on existing practice in con- 
struction, design, and use of forms, based on replies to a questionnaire sub 
mitted to a selected group of contractors in the United States and Canada 
Areas are noted in which contractor efficiency may be improved; architect- o1 
engineer-contractor relationships are treated Appendix gives detailed 
summary of answers to questionnaire 


INTRODUCTION 


Committee 622—Formwork for Concrete— appointed nine subcommittees 
for the purpose of thoroughly studying and reporting on literature and actual 
practices in the design, construction, and inspection of formwork. One objec 
tive of the committee is the publication of a recommended good practice for 
concrete formwork. It is felt that a working guide to safe and efficient form- 
work is needed in the industry in order to raise the standard of workmanship 
and thus offset the danger of more stringent controls of formwork methods 
both from governmental bodies and contract specifications. Subcommittee Il 
is to report on construction practices to determine what good practices are 
in effect at this time and to advise wherein the general standards can be raised 
throughout the industry to promote safety, economy, and good workmanship. 
To accomplish such a purpose, it was felt by the subcommittee that a com 
prehensive questionnaire sent out to a group of contractors engaged in all 
types of concrete construction would be invaluable in determining what good 
practices were in use and in what areas improvement is needed. Obvious bad 
practices were all too evident in the industry——what was needed was an insight 
into the operations of the well-established concerns, large and small, to see to 
what extent formwork had been systematized or standardized, and what degree 
of thoroughness in planning and design of forms was practical. 

*KReceived by the Institute Mar. 29, 1957. Title No. 53-62 is a part of copyrighted JouRNAL or THE AMERICAN 
Concrete Instirute, V. 28, No. 12, June 1957, Proceedings V. 53. Separate prints are available at 50 cents each 
Discussion (copies in triplicote) should reach the Institute not later than Sept. 1, 1057 Address P. O. Box 4754 
Redford Station, Detroit 19, Mich 


Prepared as a part of the work of ACI Committee 622, Formwork for Concrete The report was submitted to 
the main committee (17 members) with 12 voting affirmatively and one negatively 
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Of corollary importance, the questionnaire was designed to evoke discussion 
on the details of the architeet-contractor relationship in the industry and to 
encourage suggestions as to how such relations could be improved or enlarged 
upon. For this reason several of the questions were intentionally worded to 
discourage a simple ‘‘yes”’ or “no” answer. The questionnaire was mailed to 
selected contractors in the United States and Canada who, while diversified 
in types of concrete work performed, nevertheless had in common high stand- 
ards of workmanship and ability, and preference in handling large and difficult 
projects. 

The questionnaire* was divided into eight parts. Part 1 was devoted to 
defining, in general, the type and method of forming most prevalent. The 
function of Parts 2, and 4-7 was to bring out actual practices of the contractors 


queried. Part 3 was included to picture the relationship between architect- 
engineer and contractor on the subject of formwork—to show in what areas 
their specifications affected the construction of formwork and wherein lay any 


weaknesses in such relations. Part 8 contained general questions pertaining 
to specifications and performance. In most cases the individual comments 
proved more enlightening than a cold analysis of the percentage answers. 


GENERAL FORM PRACTICE 


Formwork has become more and more a significant factor in concrete costs. 
Almost all concrete structures, with the possible exception of small footings 
and house foundations, come under examination for possible savings by use 
of standard reusable panels or clever shoring methods. Even forms used for 
the encasement of structural steel in concrete may be planned for maximum 
reusability. Reuse of forms results in savings in materials and ease of handling, 
but requires careful planning and design to assure necessary wearability to 
prevent expensive repair and rebuilding. Wherever possible, contractors 
fabricate their forms in a centrally located shop either on the job site or in 
their own yard. ‘This enables them to use the most efficient production tech- 
niques and to centralize manpower and material to be employed. Where 
power equipment is available, the size of the form is selected with such handling 
equipment in mind although small man-handled patented form panels are 
gaining widespread use in some fields. 

The use of steel forms seems to be relatively rare, being largely confined to 
mass concrete jobs, forms for precast concrete, and some types of patented 
form panels. One prime disadvantage is the difficulty of attaching inserts and 
blockouts. Use of steel forms is still prohibited by some specifications due to 
an unsatisfactory finish frequently obtained, and unless many reuses are 
possible, the first cost is usually prohibitive. Use of steel for the structure of 
large forms subject to considerable reuse is far more widespread. 

Answers given to questions relating to formwork details give some idea of 
the degree to which certain methods are practiced. Some of these details 


*Tabulation of replies to entire questionnaire is given in appendix to this paper 
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however relate most specifically to architectural concrete and would be 


unnecessary for heavy construction or for concrete structures to be covered 
by backfill. 


There exists considerable variation as to wherein lies the responsibility for 


the construction of formwork. Forty percent indicated the responsibility lay 
with the superintendent; 25 percent, with the carpenter or concrete foreman; 
17 percent, with the company engineer; and 18 percent, with the owner's 
representatives. The answers may well have varied had those answering all 
been considering the same size project. From the individual answers it 
appears that there is very little definite fixing of responsibility. 


Company policies in form building 


The existence of company policy in form building and design is a point of 
great interest to the committee. In only a few cases is a general policy in 
use, and practically no companies indicated that a formal policy, in the form 
of a manual or some written instructions, was in effect. It is likely that some 
companies had more of a policy than they thought. Central office planning 
frequently results in an informal policy, in that the same individuals usually 
make up the plans and designs, or rely heavily on methods tried and tested 
on other jobs. However, this form of policy is dangerous since these indi 
viduals have other responsibilities and may be unable, in many cases, to 
follow up on their form designs to see that they are carried out in the field, o1 
even to judge whether they have been successful or not. Similarly in regard 
to form details such as method of joining form panels together, method of 
securing Wales to form panels or bulkhead details, most answers indicated these 
were detailed separately for each job, but no doubt some continuity exists 
where the same individual makes the design for several jobs. Here again, 
such continuity is unreliable. 

There appears an almost equal split between those in which design responsi 
bility remained with the main office and those in which designs and plans were 
made on the job. It would seem that complete standardization of design 
policy would necessitate locating such responsibility centrally. However, 
with the existence of an established formal policy, such standardization is 
equally possible with the designs being made right on the project. In either 
case the listing and ordering of form materials should be performed by someone 
familiar with the specific design and general policy, if any, regarding grade of 
material and overall material needs for the project. 


Form watchers 


The majority of contractors indicated that no specified number of form 
watchers was insisted upon. Some answers indicated that form watchers 
were provided as required by circumstances; no doubt in most cases this 
amply covers requirements. However, this may well be an area in which 
some definite policy is essential. Further, it would be in order at the same 
time to prevent undue burdening of form watchers with additional carpenter 
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work other than checking alignment, watching and adjusting wedges and 
shoring, and other jobs. Such time-consuming additional duties frequently 
assigned to form watchers are closing washout holes, placing waterstops, 
keyways, templates, erecting scaffolds and walkways for concrete crews, and 
other functions normally associated with preparing the form for concreting. 


CONSIDERATION OF SAFETY IN FORMWORK 


Little uniformity in safety procedures exists among contractors. In general, 
sound, economical construction automatically implies a safe form. However, 
too frequently, reliance is placed on the discretion and judgment of the 
carpenter foreman, concrete foreman, or even the owner’s inspector—persons 
who are not directly concerned with this aspect. A more uniform specification 
of minimum safety precautions would eliminate this difficulty. Furthermore, 
it would tend to equalize bidding on concrete work by requiring more careless 
operators to conform to the routine precautions of the better builders. Recog- 
nition of and provision for the elimination of unsafe practices in formwork is 
the surest way of precluding the possibility of stricter building laws. Such 
controls come about usually as a result of accidents involving injury, death, 
or property damage caused by alleged negligence of the constructor. The 
Associated General Contractors of America provides its members with general 
construction safety standards; reference to the section on formwork therein 


would improve most architectural specifications and inspection practice. 


The most serious accidents during construction of concrete buildings seem 
to have been associated with, if not primarily caused by, construction loads 
imposed upon recently cast concrete. While proper safety precautions vary 
with conditions of each project, and detailed specification is manifestly imprac- 
ticable, a general specification of minimum safety precautions is possible. 
Committee 622 invites comment on the following alternatives for such a 
uniform specification. 

1. When insufficient job-cured test cylinders are available, all construction 
loads shall be carried to the soil by the original shoring left in place until concrete 
construction is completed. This requirement, paraphrased from the German 
building code, would be suitable for a height limited perhaps to three stories. 
Construction loads would include fresh concrete, forms, other building ma- 
terials, construction equipment, and personnel. In no case would the weight 
of fresh concrete for a higher level be supported by the recently cast concrete 
of a lower level. 

OR 


2. No construction loads exceeding the design load shall be supported upon 


any portion of the structure under construction. No construction load shall be 
supported upon, nor any shoring removed from any portion of the structure 
under construction until that portion of the structure has attained sufficient strength, 
as demonstrated by tests on job-cured specimens, and as required by a competent 
structural analysis for the loads proposed and the strength demonstrated. Such 
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analyses and test data shall be furnished by the contractor to the engineer for 
approval before removal of shoring. 

This requirement, though more elaborate, would permit usual American 
construction practice in multistory reinforced concrete building of any height. 
The analyses and strength data on job-curing would provide a flexible minimum 


safety precaution. The last statement would even provide against collapse 


under dead load of the structure itself by insuring adequate curing. 


ARCHITECT- OR ENGINEER-CONTRACTOR RELATIONSHIP 


Replies to questions pertaining to architect- or engineer-contractor relation- 
ships were varied and divergent particularly in regard to the degree of form- 
work specification. Most seemed to feel that end results only should be 
specified. Essentially, this is the case at present with most projects, although 
specifications of form materials, finish, stripping time, and other items fre- 
quently occur on some of the larger or governmental jobs. A few specifications 
require submission of formwork drawings to the engineer for prior approval, 
although many require prior approval of stripping and reshoring sequences. 
IXven fewer specify in any way the type, manner, or degree of shoring required. 
In any event, approval by the engineer of various steps does not relieve the 
contractor of the ultimate responsibility for the appearance, strength, and 
shape of the finished structure. The question was a bit leading in that it did 
appeal to the contractor who wished merely to eliminate annoying inspectors. 
Nevertheless, it is felt that formwork is a contractor’s device for constructing 
and depends to a large degree on his foresight, ingenuity, and materials at 
hand. Therefore, its design and construction should remain the contractor’s 
province. 

Replies were unanimously in favor of designers giving more thought to 
formwork when designing structures. Reducing the number of irregular 
shapes, establishing uniform sizes of structural members, careful planning of 
construction joints, consideration of stock sizes of materials to minimize 
cutting, consideration of stripping problems, are all ways in which formwork 
costs may be reduced. To conserve concrete by designing irregular shapes 
is false economy; the resultant high forming costs offset any such saving. 
Most contractors felt it reasonable and necessary that engineers specify 
certain features of formwork as they do for other construction operations. Such 
requirements might be tolerances for line and grade, finish required, adher- 
ence to construction joints shown on plans except by special approval, camber 
where necessary, minimum stripping times to safeguard structure, and use of 
such details as chamfers which tend to improve the appearance of the struc- 
ture. They did feel that tolerances, finishes, and stripping times should be 
so specified as not to cause unreasonable expense. Frequently, a finish is 
specified which cannot be obtained with the material specified for the form. 
In this case, merely specifying the finish should be adequate, leaving the method 
of attaining it to the contractor. Elimination of cutting forms for waterstops 
wherever possible would constitute considerable savings. 
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In some cases, engineers write into their specifications a stock formwork 
specification such as the one published by Portland Cement Association for 


architectural concrete. In such cases if exception is not made for structures to 


be backfilled or otherwise not requiring architectural treatment, considerable 
unnecessary expense is incurred. In such cases, field inspection frequently 
overlooks the more stringent requirements as unnecessary which tends to 
cause the contractor to take a cynical view toward the specifications as a whole. 


CONCLUSION 


The questionnaire served its purpose well in pointing out several areas in 
which considerable progress may be made by contractors in improving efficiency. 
Furthermore, it brought into focus some of the problems involved within the 
framework of the architect-engineer-contractor relationship. It will remain 
for this subcommittee to make its recommendations for preferred field practices 
for incorporation into the final overall committee report. It is hoped in the 
meantime, however, that the results of this questionnaire may be of assistance 
to the other subcommittees of Committee 622 by providing a measure of the 
problems and conditions of existing construction practices. Growing use of 
patented form panels and of mass production of formwork elements, the 
increased realization of architects and engineers of the value of concrete design 
with formwork costs in mind, and the increased interest in formwork safety 
on the part of governmental bodies due to recent tragic form failures have 
focused considerable attention on general formwork practices both in design 
and construction. The relative lack of up-to-date literature on the subject 
only increases the need for some sort of code or guide to promote more system- 
atization or uniformity in this field. By increasing the awareness of the 
problems and challenges of formwork as a constructor’s tool, such a code or 
guide would make an outstanding contribution to the industry. 


APPENDIX 


Summary of answers to questionnaire on formwork received from selected group of con- 
tractors in the United States and Canada is presented below 


1. Nature of formwork 


Does your work consist mostly of large areas that call for a number of similar placements 


where reuse is a dominant factor? 


Reuse is usually dominant 74 percent 
Reuse not dominant -26 percent 


Is shoring or posting « significant part of your forming operation, or is the emphasis on the 
form itself? 


Shoring is a significant part 60 percent 
Shoring not a significant part- 40 percent 
Shoring significant for bridges only — 4 percent 
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Is much of your formwork hung from steel framing? 
Much — 20 percent 
Not much—80 percent 
Bridges only— 2 percent 


Does your average job permit the use of large forms, which can be handled by power equip 
ment, or do you tend to utilize smaller man-handled units? 
Forms are usually power handled where feasible— 60 percent 


Forms are seldom if ever power handled—40 percent 


Do you find it more practical to fabricate “in place’? or do you utilize shop fabricated or 
patented panels? 

Fabrication in place is the rule-—35 percent 

Shop fabrication or prefabricated panels are the rule 65 percent 


Ido you frequently use patented form panels or systems and, if so, what brand and for what 
type structures? 

Patented form systems are regularly used——40 percent 

Patented form systems used seldom if ever —60 percent 


ldo you occasionally or frequently use steel forms? 
Steel forms are regularly used-—33 percent 
Steel forms seldom if ever used— 67 percent 


Ido you work predominantly with owners or agencies which have definite specifications regard 
ing formwork? If so, what requirements do you find most restricting or annoying? Which 
do you feel most necessary? 

Work is predominantly under some formwork specifications 48 percent 

Work not under formwork specifications —52 percent 


Requiremeé nts felt NECESSATY he quirements found restrictive or annoying 
Specifications wholly satisfactory Vague on finish required 
None Specification of method and result 
Architect's specifications are good Stripping time 
Specify T&G or plywood; V-strips at Do not consider lumber, plywood sizes 

joints Special linings not necessary 

engineer's approval of form design Specifications on surface and lining 
kixposed work — specify material increase expense but not value 
Mortar tight Prohibition of steel forme 
Metal forms sufficiently stiff Too close tolerances 
Bracing and shoring requirements Plywood form on backfill covered work 
Chamfer strip for corners Restriction on use of metal form 
Reposting 
Finish required 
Chamfer, lines, tightness 


Physical condition of panels 


2. Company policy 


Do you have a standard company policy on form planning and design? 
Yes— 29 percent 
No—71 percent 
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Is the policy written down in a manual or bulletin of some kind? Lf so, how comprehensive 
is it? 
Policy written—-8 percent 


Not written—92 percent 


Do you detail the forms for each job, or do you select details from your standards as they 
apply to a job? ; 

Forms are detailed for each job—92 percent 

Standard details are available—8 percent 


Do form drawings specify such points as rate of concreting, temperature, type, and grade 
of material? 
Form drawings specify Do not specify 
Rate of concreting: 46 percent 54 percent 
Temperature of mix: 36 percent 


64 percent 
Slump or mix: 


33 percent 67 percent 


Are shoring and scaffolding subject to standard design policy? 
Yes--25 percent 
No—75 percent 


Where does the responsibility for form design lie within the organization? 
Main office-—43 percent 
On the job—-57 percent 


Who lists and orders form materials? 
engineer —67 percent 
Purchasing agent—-15 percent Some overlap 
Carpenter foreman—-22 percent included 
Superintendent or other—12 percent 


Do you require a specified number of form watchers? 
Yes—-34 percent 
No-—66 percent 


Do you have different classifications for formwork in order to specify standard design pro- 
cedures? If so, what are these classifications? 


Classes of formwork under standard policy —15 percent 
Classes of formwork not under standard policy —85 percent 


Do you specify in form drawings or in standards of form construction the size nails to be 
used for specific purposes, i.e., nailing of inserts, nailing shoring, etc.? 

Yes 26 percent 

No—74 percent 


How much safety scaffolding is built into forms for high lifts? 
Safety scaffold built into forms on high lifts —61 percent 
Little or none—35 percent 
Separate from forms—4 percent 
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3. Relations with architects and engineers 
Do architects, engineers, or other owner representatives with whom you customarily work 


require submission of form drawings for prior approval? 


Usually required—19 percent 
Sometimes required—25 percent 
Never required—56 percent 


Do they specify or require approval on stripping and reshoring sequences? 


Usually required—84 percent 
Not required—-16 percent 


In what general area do their criticisms, if any, usually lie? (tie spacing, shoring, size of mem- 
bers, etc.) 

Tie spacing —5 percent Cleanliness—0O percent 
Surface appearance— 10 percent Spacing lifts—2 percent 
Shoring and reshoring—10 percent Tightness—0 percent 
exceeding tolerances on line and Stud and waler spacing —2 percent 
plumb—2 percent Little or no criticism— 55 percent 
Time of stripping—14 percent 


How do they restrict your formwork? 
Methods —24 percent 
Use of materials—42 percent 
Time of stripping— 94 percent 
Re-posting of slabs 82 percent 


Are you usually forewarned of these restrictions by specific mention in the specifications, ot 


do they develop in the course of inspection? 
Restrictive requirements are clearly stated in specifications — 76 percent 
They develop with no advance warning as the inspectors choose to interpret the specifi- 


cations— 24 percent 


4. Planning and design 
Do your form plans and design make provisions for the following? 


Form design and plans make provision for: 
Rate of concreting —67 percent 
Temperature of concrete —45 percent 
Vibration —65 percent 

Handling facilities— 65 percent 

Method of placing—69 percent 

Height of drop—-60 percent 

Bulkheads-—-60 percent 

Shoring and posting —67 percent 
Reshoring 47 percent 

Stripping procedures —65 percent 

Camber 56 percent 

Assumption of loads by conerete while stripping 36 percent 
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Of the following minor details of formwork, check whether details are worked into the form 
design or whether they are left to the carpenter foreman’s discretion. 
Part of form Left to carpenter 
design foreman 
Bulkheads 39 percent 61 percent 
Joining form panels 51 percent 19 percent 
Scaffolds 36 percent 64 percent 
Anchor bolt templates 45 percent 55 percent 
Runways for concrete buggies 22 percent 78 percent 
Shoring and bracing of posts 68 percent 32 percent 
Installation of keyways $2 percent 58 percent 
Screeds 22 percent 78 percent 
Clean out and inspection holes 24 percent 76 percent 
Anchors against uplift 65 percent 35 percent 
Provisions to realign during concreting 1) percent 60 percent 
Spreaders and their removal 25 percent 75 percent 
Splicing of members 37 percent 63 percent 
“Wrecking strips’’ to aid stripping 35 percent 65 percent 
Provisions to handle form 14 percent 56 percent 


What form pressures (horizontal) do you use for design purposes? 


150 lb per cu ft liquid—-57 percent 
10 ft 0 in. head maximum—%3 percent | Others state 


8 ft Oin. head maximum—3 percent | no maximum 

6 ft 0 in. head maximum—7 percent | 

100 Ib per cu ft liquid—(no maximum stated )—7 percent 

1000 psf maximum up 7 ft 0 in. lifts—3 percent 

Columns — 1500 psf maximum; walls—-1000 psf maximum—3 percent 

As recommended by form manufacturer or Portland Cement Association— 30 percent 


What allowable design stress values do you use for lumber? 
2000 psi-— 5 percent 1400 psi— 3 percent As recommended by 
1800 psi-— 7 percent 1200 psi— 20 percent timber associations—-38 percent 
1600 psi 12 percent 1000 psi--15 percent 


What live loading, vertical and lateral, do you use for floor and roof form systems? 
VERTICAL 
With power buggies: 75 psf—46 percent 
5O psf —15 percent 
40 psf—15 percent 
30 psf— 8 percent 
| ton concentrated——8& percent 
Actual weight concentrated—8 percent 
30 percent impact—8 percent 
100 percent impact—15 percent 
With other distribution methods: 80 psf— 6 percent 37 4 psf—6 percent 
70 psf 6 percent 30 psf—-18 percent 
50 psf—41 percent 25 psf—- 6 percent 
10 psf—-12 percent 20 psf— 5 percent 
Thin shell: 20 psf—6 percent 


LATERAL 
None—-88 percent 
Variable —12 percent 
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What is the maximum angle at which you place a slab without a top form? 
15 deg 3 percent 35 deg- 12 percent 
20 deg 18 percent 1 deg 3 percent 
25 deg—-15 percent 15 deg 26 percent 
30 deg —18 percent 50 deg-—— 3 percent 


No experience——3 percent 


Included) Thin shells 60 deg— 3 percent 
in other | Mass concrete 20 deg 3 percent 


Does the finish of concrete surfaces dictate your form needs? 
Often 84 percent 
Seldom — 16 percent 


Ido you use patented form panels? If so, do you utilize the engineering assistance made 
available by the manufacturer? 

Frequently use—35 percent 

Seldom use—65 percent 


5. Methods of building formwork 
Who is responsible for final inspection of form before concreting? 
Our engineer--17 percent 
Job or general superintendent —40 percent 
Carpenter or concrete foreman-——25 percent 
Owner's representatives-—18 percent 


Who sets up procedure for providing means of aligning form before and during concreting, 


i.e., location of wedges, jacks, etc.? 


Job superintendent 38 percent 
Carpenter or concrete foreman 60 percent 
Our engineer— 12 percent 


Do you require all wedges to be nailed in final position? 
Yes-—56 percent 


No—44 percent 


Do you kerf moldings and other small inserts to facilitate stripping? 
Yes 67 percent 
No--28 percent 
Sometimes—-5 percent 


What type calking do you use for joints in form panels for architectural concrete? 
Metal —3 percent Spackle plaster 17 percent 
Wood—-3 percent Grease or tallow 9 percent 
Putty—-9 percent Mastic 6 percent 
Masking tape——4 percent tubber 3 percent 
None used— 42 percent Mortar— 4 percent 


Ido you employ jigs and templates for spacing studs, tie holes, etc., wherever possible? 
Usually —69 percent 
Never—31 percent 
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6. Methods of placing 


What devices do you use to detect movement of form? 
Plumb bob—21 percent 
Level and transit—-47 percent 
Observation of superintendent, foreman, carpenter, or owner's representative 21 percent 
Taut lines—47 percent 
“Feeler’’ markers to fixed objects—12 percent 
(Total more than 100 percent since some use more than one method.) 


How many form watchers do you use? 
None—4 percent 
As necessary for job conditions, or as required by law, union rules, or owner's repre- 
sentative—35 percent 
Have a standard policy requiring a fixed number for different classes of our work 
61 percent 


Is the method of placing considered in form design to allow for: 
Weight of crews and equipment? Yes—95 percent No—5 percent 
Movement of buggies and other equipment? Yes—95 percent No—5 percent 
Attachment of chutes, hoppers, tremies, side entries? Yes —80 percent No—20 percent 


ldo you wet forms and inserts thoroughly before concreting? 
Forms are wetted (summer only )—85 percent 
Forms not wetted-——4 percent 
Oiled instead—-11 percent 


7. Methods of stripping 


Do you use double headed nails to facilitate stripping? 


Yes —-75 percent No 25 percent 


Do you attempt to isolate odd shapes like corbels, ete., by means of breakaway lines so that 
main form will strip without damage? 


Yes—-93 percent No—7 percent 


Do you employ crush plates or wrecking strips in tight places to protect form while stripping? 


Yes —63 percent No— 3% percent Sometimes——4 percent 


Do you follow any procedure or rules for stripping time in absence of requirements by archi- 
tect or engineer? 

Yes, we have fixed rules—77 percent 

No, responsibility for time of stripping lies with the job superintendent— 23 percent 


8. General—Regarding specifications 


Ido you feel architect or engineer specifications should be confined to the finished product 
rather than construction methods? 
Specifications should cover results desired only, with exceptions for special work 
88 percent 
Specifications should detail methods only—0 percent 
Prefer the present combination of methods and results; both specified and inspected 
12 percent 
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Do you feel architects and structural engineers could give more thought to simplifying concrete 
designs to facilitate reuse of forms without revamping? 


Yes—100 percent 


Do you have to meet any legal requirements showing construction of shoring and reshoring 
such as those now in force by the City of New York? (Design of forms by registered engineers, 
inspection by city inspectors, affidavits certifying construction of forms before placing, ete.) 

Yes*—10 percent 

No—85 percent 

Sometimes—3 percent 


Have you experienced any failures of important formwork? If so, can you summarize practices 


responsible? Were any persons injured? What did failure cost? (Do not identify project 
nor parties involved.) In what year did it occur? 

We have had failures in formwork—8 percent 

No failures—92 percent 


SUMMARY OF DATA ON FAILURES 


Injuries Causes Cost Y ear 
Minor Careless workmanship 
Minor Poor inspection $500.00 1956 
Minor Wrong or faulty placement 
Four killed Steel shoring failed $100,000.00 1942 
Minor Failure of wall ties 
Minor Too rapid placing $300.00 1046 
Minor Form tie failure 
None Misalignment Large 1050 
Three Injured Inadequate diagonal bracing $2,000.00 1954 
Minor Worn out threads on tie bolts 


In what ways do you feel specifications for formwork can be improved or expanded to improve 
the caliber of concrete work? 


1. Include tolerances for various classes of work 
2. Specifications should allow lumber and plywood dimensions for structural members 
designs should plan on multiples of 4-ft panels 

Stop confusing method and results; specify one or the other, preferably results 

Specify minimum sheeting thickness for given stud spacing 

Specify results. 

More consideration for practical conditions 

Specifications should state stripping times in advance and not leave to job inspec- 
tor’s whim. 

Architects should not expect plaster-smooth finish from plywood forms; specifi 
cations should state finish desired in detail and in a realistic practical fashion 
not incompatible with form material where this is also specified 

9%. No specifications on forms; leave to contractor 

10. Conferences before construction. 

11. Inelude camber 

12. Eliminate sharp corners—-V-strip at horizontal construction joints 
13. More and better inspection 

14. More details. 

15. Allow use of curing compound instead of water cure 


*Includes work done in New York City 
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Eliminate restrictive conditions, i.c., thin walls, much steel 

Eliminate surface finish (bridges) by using textured finish. 

Specify grade of plywood required when top grade finish is desired. 

Simple regular design in concrete. 

Specify field-cured job cylinder strength for stripping instead of given period of 
time. 

Architect and/or engineer should “‘back up specifications he has.”’ 

Specifications should be general (performance ); finish specified 

Designers need more field experience. 

Eliminate unnecessary smoothness in finish specifications 

Use cheap ties where appearance is unimportant. 

Using complicated forms to reduce concrete is false economy 

Allow as wide a range of form face materials as possible. 

Eliminate rubbing which spoils original surface. 

Eliminate rubber waterstops requiring cutting into forms 

Base stripping time on job cylinder tests. 

Require adequate strength; securing it is contractor’s responsibility. 

Use performance specifications 


Require tolerance reasonable for use and commensurate with economy 


Discussion of this paper should reach ACI headquarters in triplicate 
by Sept. 1, 1957, for publication in the Part 2, December 1957 Journat. 





Title No. 53-63 


Plastic Hinging at the Intersection of Beams 
and Columns’ 


By G. C. ERNSTT 


SYNOPSIS 


Principal object of investigation was to determine the amount of concen 
trated plastic rotation developed at the connection between beams and col- 
umns. Thirty-three tests were conducted, some at a slow loading rate, some 
at a fast loading rate equivalent to that prescribed for concrete cylinders 
Steel ratios of 0.01, 0.03 and 0.05, column widths of 6, 12, 18, 24, and 36 in., 
and nominal concrete strengths of 3000 and 4000 psi were used 

Concentrated plastic rotation at concrete crushing and at maximum moment 
is markedly reduced when the steel ratio exceeds 0.01, and is also less for a fast 
loading rate. Theoretical moments agreed satisfactorily with experimentally 
determined moments in all cases. At concrete crushing for the 0.05 steel 
ratio under fast loading, concentrated plastic rotation was virtually negligible 
It seems necessary, therefore, to consider the effect of steel ratio and rate of 
loading in cases for which the ultimate capacity of a structure is dependent 
upon a redistribution of moment produced by concentrated plastic rotations 


INTRODUCTION 

Object and scope 

Recent theoretical and experimental studies!.?.* have provided information 
on the plastic response of reinforced concrete beams and connections of the 
type indicated as A and C in Fig. 1. Such studies have shown the desirability 
of obtaining quantitative information on the magnitude of the concentrated 
plastic rotation that develops at an abrupt change in moment which occurs 
where a beam enters a column (Type B connection, Fig. 1) or at a load con- 
centration. An advantageous redistribution of internal moments and shears in 
statically indeterminate structures is dependent upon an adequate development 
of plastic rotations, with a resulting maximum of energy-absorbing capacity 
under extremes of loading. 

This investigation concerns only Type B connections having various external 
proportions and internal steel contents; tests were divided into two groups 
according to the rate of loading. One group consisted of 15 new and three re 


paired beam-to-column connections tested in the customary manner by stop 
ping at specific increments of load or deflection in order to take strain read 
ings and photographs, with total loading time one hr or more. The second 


*Received by the Institute Aug. 24, 1956. Title No. 54-63 is « part of copyrighted JoumNnaL ov THe AMBRICAN 
Concrete Inetirore, V. 28, No. 12, June 1957, Proceedings V. 53. Separate prints are available at 50 cents each 
Discussion (copies in triplicate) should reach the Institute not later than Sept. 1, 1957. Address P.O. Box 4754 
Redford Station, Detroit 19, Mich. 

tMember American Concrete Institute, Professor of Civil Engineering and Director of the Engineering Experi 
ment Station, University of Nebraska, Lincoln, Neb. 
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group of 15 companion specimens was tested so that the outermost fibers in 


compression were stressed at 20 psi to 50 psi per sec, as specified for concrete 


cylinders in ASTM C 39. 


This fast loading rate required simultaneous re- 


cording of load, deflection, and strain by means of oscillographs, but the ac- 
cumulation of plastic strain is believed to be more nearly representative of that 
during the test of a standard cylinder. 


Notation 


= 


distance from support to support of 
beam-to-column specimens, in. 
width of column stub parallel to L, 
in 


L Ww, 
2 2 


except when designating the 
slow loading group 


= distance from outermost compres- 


sion fiber to centroid of tension rein- 
forcement, in 

distance between centroids of ten- 
sion and compression reinforcements 
breadth of beam, in. 

ratio of the distance between com- 
pression face and neutral axis to the 
distance d 
d'/d 
compressive strength of 6x 12-in 
ey linders, psi 
outermost 


stress in compression 


fiber, psi 


= average compression stress in con- 


crete, psi 

Sav/fe' 

yield point of tension reinforcement, 
pal 

stress in tension reinforcement, psi 


= yield point of compression reinforce- 


ment, psi 

stress in compression reinforcement, 
psi 

unit strain in concrete, in. per in. 
ultimate unit concrete strain in 
flexure, in. per in. 

unit strain in tension steel, in. per in. 
unit strain in compression steel, in. 
per in. 

unit strain at beginning of yield point 
range, in. per in. 
unit strain at beginning of work 
hardening, in. per in. 


area of tension steel 


= area of compression steel 


Pp 
p 


A,/bd 
A,| /bd 


= ratio of modulus of elasticity of steel 


to modulus of elasticity of concrete 
moment of inertia of transformed 
section, in.‘ 

moment at vield of tension reinforce- 
ment, in.-lb 

moment at crushing of outermost 
concrete fibers, in.-lb 

moment at maximum load, in.-lb 


Toe ee Pp. 
reinforcing index, 


of actual beam 
reinforcing index, 


defining balanced reinforcement 


€u 
reinforcing index, kiks, 
€y T €wh 


defining limit for work hardening 


unit rotation in radians with sub- 
script y, c, or m to denote value at 
steel yield, concrete crushing, or 


maximum load, respectively, and 


additional subscript p if plastic only 


= total concentrated plastic rotation, 


radians 

load at concrete crushing 

maximum load 

deflection, with subscript designation 
as for @, in. 


= crushing of outermost compression 


fibers, on charts 


= development of yield strains in ten- 


sion steel at north column face, on 
charts 
development of yield strains in ten- 
sion steel at south column face, on 
charts 
development of yield strains in ten- 
sion steel column at center line, on 
charts 
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Fig. |—Typical repetitive connections in reinforced concrete structures 


SPECIMENS AND TEST METHOD 
Test specimens 


All test specimens were 6 x 12 in. in cross section, 10 ft long, with a span of 9 ft. Three 
groups of ten beams were cast, each group having a different steel ratio. Within each group, 
column stubs were integrally cast on top and bottom of each beam at midspan, with dimen- 
sions ranging from 6 x 6 x 9)4 in. to 6 x 36x 9% in. as shown in Fig. 2. The load was applied 
through the column stub. 

Each specimen is designated by two numbers and one letter, e.g. 1-68. The first number 
refers to the steel ratio group, Group | for 0.05, Group 2 for 0.03, and Group 3 for 0.01; the 
second number provides the column stub width (in.), and the letter identifies the type of 
loading, 8S for slow, F for fast. 

Stirrups were made of #3 deformed bars bent into the form of column ties and spaced so 
that all of the predicted maximum shear could be carried solely by the stirrups at a unit 
stress well below their yield point 

Two #3 longitudinal bars used in the top of each beam to maintain the shape of the rein- 
forcement cages also served as compression reinforcement 

Arrangement of longitudinal and transverse steel and all dimensions are shown in Fig. 2 
for each group of beams. Principal properties are listed in Table 1. Pairs of identical beams 
were made, one to be tested at a slow rate and one at a compression stress rate equal to that 
specified for concrete cylinders in ASTM C 39. 


Materials, fabrication, and curing 
The test specimens were cast in three groups of ten, each group cast from a single 244 eu yd 
delivery of ready-mixed concrete. The concrete had a nominal 28-day strength of 4000 psi 
or 3000 psi, with a slump of 3 to 4 in. Average strengths at time of test were: 
Group 18-4180 psi Group 1F—4820 psi 
Group 28-4170 psi Group 2F—4710 psi 
Group 383300 psi Group 3F- 3230 psi 
Kach group was cast in less than 40 min, during which time the concrete was vibrated in 


place with a 20,000 vpm vibrator. Forms for the top column stub were removed after 4 to 6 


hr, and the beam troweled to the intersection with the stub 
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All beams were kept moist under plastic drop cloths for 2 weeks, and then air dried for 2 
weeks or more prior to test. 


Intermediate grade deformed bars meeting the requirements of ASTM A115 and A 305 were 
used throughout. Properties for these bars are given in Table 2 and Fig. 3. 


Test set-up and procedure 


All beams were tested on a specially designed support in a 400,000-lb hydraulic testing 
machine (Fig. 4). The 15 beams of Groups 18, 28, and 38 which were tested under slow 
rates of loading did not utilize the load cells shown 

Steel strain instrumentation consisted of Type PA-3 SR-4 electric resistance gages placed 
on the outermost bars through core holes after curing was completed. All specimens had 
these gages at the center line of the column stub, and for the slow loading group all but those 
with 6x 6x 9)%-in. stubs also had PA-3 gages just outside of the face of the stub, making 


two gages for those with the 6x 6x 9%-in. stubs and six gages for all others. Those tested 
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Fig. 2—Dimensions, steel content, and steel strain locations, S-series 
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under fast loading had gages on the steel at the center line of the column stub only, for the 
purpose of determining the extent to which steel yield spread into the column 

Concrete strains were obtained on the beams of Groups IS and 28 by placing Type Al 
SR-4 gages on the vertical faces of the beam, 34 in. down from the top and 4% in. away from 


each column face in the direction of the reactions, four gages on the concrete per beam. The 


beams of Group 38 had Type Al SR-4 gages placed on the top surface 44 in. away from each 
| YI gages | | ‘ 

column face in the direction of the reactions and located midway between the vertical faces, 

plus the four gages previously described, making six gages on the concrete per beam of Group 38 


Concrete strains were obtained on Group IF specimens by placing Type Al SR-4 gages 
on the top surface at 34 in. and 244 in. from each column face and located midway between 
the vertical faces. Group 2F and 3F specimens had Type Al SR-4 gages placed on the top 
surface at 144 in. from each column face and located midway between the vertical faces. The 
two locations of the gages on Group IF showed no significant difference in the load at which 
concrete crushing was indicated, hence the use of the single arrangement for Groups 2F and 
3F. Average strains of the gages were recorded on oscillographs 

Deflections for the S-groups were obtained by an engineer's level sighted at a scale at mid- 
span of the beams having a 6x 6x 9)4-in. column stub and at the face of each column stub 
for all other specimens. With the loading head blocked against rotation by the jacks shown 
in Fig. 4, deflections at opposite column faces were found to be the same. Support deflections, 
observed on scales, were found to be negligible 


The center deflections for the F-groups were recorded on an oscillograph by means of a 
column-type transducer made from clock spring steel with Type Al SR-4 resistance gages on 
each side of the point of maximum strain.‘ 

The test procedure for Group IS consisted of taking strain and deflection readings at specific 
load increments up to failure, with crack inspections at each load increment. A photograph 
was taken of each beam after the test had been completed. These beams had a steel ratio 


of 0.05, with virtually no yield or plastic portion on the load-deflection curve 


For Groups 28 and 3S having an appreciable yield portion, load increments were taken 


only up to initial yielding of the steel, after which strain increments were used and for which 


TABLE 1—PROPERTIES OF BEAMS 


For all beam groups, d = 10.0 in., d’ = 8.5 in., and compression steel consists of two #3 bars. 


Column 
Group Specimen stub Transverse Mode of 


o width, in ties Pe* | at Pmast qua't failure 


Group 1—-Three 

# 9 tension bars i | 0.846 
p 0.0500 : 0.737 
p/p = 0.074 2 0.490 
q 0.489 : 0.650 
fe’ = 4180 psi 0 546 


Om pression 
ompression 
om pression 
SOR pression 
ompression 


Group 2—Three | 
# 7 tension bars ‘ 850 0.102 Tension 
p 0.0300 ‘ 750 0.190 Tension 
p/p 0.123 ‘ - é | BOS 0.215 Tension 
y= 0.284 5 88Y 0.15% Tension 
Jc’ = 4170 pai i 0.212 Pension 
Group 3—-Two 


Tension + 
* 5 tension bars 0 


126 work hardening 
TI ension + 

120 work hardening 
Tension + 

0.107 work hardening 
Tension + 

116 work hardening 
| Tension + 

fe’ 3300 psi 368 . 0.148 work hardening 


p = 0.0103 3@ ! 5 0 


, 


Pp 0.359 


qd = 0.008 8 3@5 575 0 


*Computed with ec at Pe. (see Table 4). 

tComputed with « at Pmaz (see Table 4) 

{Properties for the F-series are same as for S-series, except /.’ 4820, 4710, and 4240 psi for Groups Ik, 2h 
and 3F, respectively 
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UNIT STRAIN, INCHES PER INCH 
Fig. 3—Tensile stress-strain curves for reinforcing bars 


both initial and stabilizing loads were recorded. That is, after reaching a strain value, the 
hydraulic control valves were manipulated so that the strain value wae maintained, during 
which time the load would generally drop from the value first reached. A photograph of each 
beam was taken after test for Group 28, but for Group 38 beams additional photographs 
were taken at first yield of the steel and at first evidence of concrete crushing, as well as at 
ultimate load. 

A visual record of the development of collapse conditions for the F-groups was obtained 
for all but two specimens in motion pictures started prior to the plastic range of loading and 
continued until well past the ultimate load. This photographic record was then assembled 
into a film also containing a step-by-step description and pictures of the testing procedure.® 

Test procedure for the F-groups was initiated by starting three dual-channel oscillographs 
simultaneously after all amplifiers had been warmed up, circuits balanced and calibrated, 
and pens zeroed. This was followed by the application of load, and starting of the electrically 
driven 16 mm motion picture camera. The loading rate was then increased until approxi- 
mately maximum head speed had been attained in the plastic range. Table 3 gives a com- 
parison of testing time with that specified for cylinders by ASTM. The test was stopped 
only after resistance to load had collapsed. 

Total loads for Group 1F specimens were recorded on a single oscillograph channel from 
the two Baldwin S8R-4 Type C load cells. For Groups 2F and 3F, the loads on each cell were 
recorded separately, in order to determine the distribution of load on the column stub after 
blocking the spherical head against rotation. Table 4 shows the position of the resultant of 
the loads on the two load cells at 10,000 pounds, concrete crushing, steel yield, at center line 
of column stub, and at maximum load. The distribution of load on the column stubs was 


TABLE 2—PROPERTIES OF REINFORCING STEEL 
| | ; “_) 
Ultimate | Ultimate unit Specimen 
Bar t. & €wh strength, (strain, in. per in group 
size psi* in. per in. | in. per in. psi* x 100 No. 


#3 15,500 0.00152 0.0145 68,500 9.2 1, 2,&3 
#5 17,500 | 0.00158 | 0.0187 78,800 14.1 3 
«7 45,000 | 0.00150 | 0.0190 76,600 14.5 2 
#9 44,300 | 0.00148 | 0.0183 76,800 16.8 i 


*Based on nominal area 
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satisfactory, insofar as maintaining an approximately uniform pressure was concerned. For 
the span of 9 ft, the greatest shift of the resultant would cause only a 3 percent change in the 
reactions as compared with a truly central load application. 


TEST RESULTS 
Principal test data 

Principal test data are summarized in Tables 5 and 6. The load, moment, 
and deflection at steel yield, concrete crushing, and maximum are given in 
Table 5 for all beams, with the exception of values at steel yield for Groups 
1F, 2F, and 3F. In the latter cases, the limited number of oscillograph channels 
prevented determination of steel strains at the critical section, if stub center 
line strains were to be recorded for extent of yield, so experimental values for 
yield at the critical section were not obtained for the F-series. Concrete and 
steel strains at concrete crushing and maximum load for the critical sections of 
the S-series are given in Table 6, with values of kjks. The values were calcu- 
lated on basis of equations presented in the following section on analytical 
studies. 

Steel strain, in each case, is the average of all steel gage recordings at the 
critical sections. Concrete strain at crushing, in each case, is the average of 
all concrete gage recordings at the load when strain began to recede on any one 
or more gages. However, the concrete strain shown for maximum load is the 
maximum concrete strain from those gages still showing an increase in strain 
as the load approached P,,,2, without extrapolation, and generally at the load 
increment just preceding the maximum load. 

Four arrangements of concrete gages were compared for obtaining styains 
at the critical section: *4 in., 1%4 in., and 244 in. from the face of the column 
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Fig. 4—Simulated beam-column connection test set-up 
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TABLE 3—TESTING TIME FOR F-SERIES = stub on the center line of the top sur- 


Time to reach Cylinder face of the beam, and on the vertical 
Specimen teat time ° ‘ . . 
No. Crushing, Maximum at 20 psi faces at a4 in. down from the top 
mn min per sec 


surface and *4 in. from the face of 


lS Deol 


SSS SS TTS tt 


25 

34 5! 

33 2.8! 3.5 min 
BH 6.3 

OA 


the column in the direction of the re- 


ot ot tees 
mm an 


eee 


action. No consistent or significant 
strain differences were shown for 


~ 


6) 
76 
40 } : 3.5 min ’ : 
& 2. rangements for comparison. For ex- 


24 


those beams carrying different ar- 


rye yepy 
See 
> Ooh 


to &H toto tt 


ample, note that in Fig. 6 for Group 
IF, the gage at *4 in. from the col- 
umn face recorded crushing C second 
for 36F and 24F, first for 18F and 12F, 
and at the same time for 6F, in rela- 


3- 6F 
4-12F 
3-1 8F 
3-24F 
3-36F 


2.8 min 


Nww— bt 


*First maximums 


tion to the gage at 244 in. from the column face, C’. 

Specimens 2-24F, 2-18F, and 6F developed an initial maximum followed by 
a slight load reduction at the beginning of the plastic region, but reached a 
second maximum at a somewhat lower load before collapse was evident. The 
initial maximums are shown on the load-deflection curves of Fig. 6 for Group 
2K, but are not used for tabular data. 


Behavior under load 


If the tension steel ratio producing simultaneous development of the yield 
point in the tension reinforcement and crushing of the concrete on the com- 


pression face is defined as the balanced steel ratio, the general behavior of a 
beam in flexure should conform to one of the three cases illustrated in Fig. 5. 
The idealized relationships between resisting moment and unit rotation are 
shown at the top, but the lack of distinctly separated elastic and plastic prop- 
erties in the concrete and the addition of compression reinforcement will 
modify the relationships to those given in (b). The relative variation of unit 


TABLE 4—POSITION OF RESULTANT LOAD ON COLUMN 


Distance of resultant from column 
centerline, in., at 
Group Column 
No. width, in, Maximum 
10,000 lb. Crushing Steel yield * load 


6 5 0.17 0.35 0.05 
12 ).24 0 0.18 
Is 0.28 1.05 0.28 
24 0). 58 0.28 0 

36 ' 0.65 0.09 0.09 


6 2. 0.32 0 0.24 
12 : 0.30 0.27 0.13 
18 0 0.15 0.51 
24 0.10 0.92 1.58 
36 0 No yield 1.15 


*At center line of column 
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TABLE 5—COMPARISON OF EXPERIMENTAL LOADS, MOMENTS, AND DEFLECTIONS * 


Load, kips, at Moment, in.-kips, at Deflection, in., at 
Specimen 
Crush Max- Crush Max Crush Max 
ingt imum Yield ing imum ing imum 


28 5 SSL) 715 SSO) 40 0.78 
33 ¢ 346 7ul O46 50 1.14 
36 2 045 810 W4A5 52 OO 
10 “24 840 v4 4 

i4 f f 900 792 G10 


asta 


$44 
351 
$58 


2 52 
) 204 $46 
8 s10 155 
5 
0 


$05 $40 
406 5A 


*Total test time for S-series, 1 hr or more; for F-series, 2.1 min to 6.1 min 
tAs indicated by gages nearest the critical section 

tSteel yield developed at maximum load 

fLoad remained constant at maximum at development of yield and crushing 
** Although Pe < Py, crushing followed yield in time sequence 

ttSecond maximums 


TABLE 6—EXPERIMENTAL STRAINS, STRESSES, AND k,k, VALUES, FOR 
AND f,’ = 45,500 psi 


Steel strain, *T Concrete strain, tt 
spec in. perin. K LO in, perin. * 10f Steel 
men No. at at 


Pune S| Pe 


0.0500 § 5740 2050 4540 
128 0 0500 5230 $050 iV10 
-188 0 0500 140 2010 4500 
-2458 0.0500 S080 $740 5300 
368 0 0500 2 2010 2440 2060 
‘rage 
68 0 0300 10350 2040 2060 
128 0 0300 12800 1O10 5460 
2-188 0 0300 35 16460 $450 S700 


nnn 


2-248 0 0300 16520 2710 5530 
468 0 0400 13150 4060 
‘rage 
68 0.0102 22100 2970 
-128 0 0102 22440 $200 
188 0 0102 19820 4170 
3-248 0 0102 20850 27 20 
368 0 O102 24650 4100 
‘Tage 


*Average strain of all gages at critical sections 

tLack of values indicates all gages inoperative 

Values at /’. are the averages of concrete strains when strain began to recede on a gage. Value at Mmos im the 
maximum concrete strain from those gages still recording an increase in strain as load approached Ime without 
extrapolation 

§Computed from equation developed in section on analytical studies 

**Streas values in work hardening obtained from stress-strain curve 
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rotations along a beam from a point of contraflexure to and including the 
junction with a column is developed from the moment diagram in (c), for a 
condition of maximum moment at the critical section. 


The degree of tension cracking and local bond failure in the region on both 
sides of the critical section determines the extent to which the maximum unit 
rotation tends to spread toward the center of the column and the point of 
contraflexure. For balanced reinforcement, with very little development of 
vield strain, and for over-reinforced sections, with crushing occurring before 
the yield point, there cannot be appreciable tension cracking or bond failure 
prior to maximum load. Therefore, at or above balanced steel ratios, the 
spread of maximum unit rotation will be slight, with the result that the plastic 
rotation between the beam and the column will be correspondingly small, 
and the deflection of the point of contraflexure relative to the column junction 
should be of the order of magnitude of elastic deflection. On the other hand, 
the steel strains for sections having less than balanced reinforcement will be 
beyond the initial yield point value, resulting in extensive tensile cracking 
and local bond failure, a tendency toward a large spread of maximum unit 
rotation, and a substantial deflection at maximum load. Typical load-de- 
flection curves for the three conditions are sketched in (d). 

rom left to right, the three cases illustrated in Fig. 5 are typical of the be- 
havior of Groups 3, 2, and 1 respectively, excepting that Group 2 was some- 
what below balanced reinforcement. The shaded areas shown in the @-dia- 
grams of (c) are defined as the concentrated plastic rotation at maximum load 
for the test specimens reported herein. 


Load deflection curves 


Fig. 6 and 7 provide the actual load-deflection curves obtained from test. 
Points C correspond to crushing of the outmost compression fibers as indi- 
cated by a decrease in the concrete strains. This decrease was interpreted to 
result from a release of strain on the gage during crushing. Points marked 
Y indicate the development of yield point strains in the steel, with NV, S, and 
CL designating north or south column faces, and column center line, respec- 
tively. 

For Groups 1, 2, and 3 of both S- and F-series, the sequence of development 
of concrete crushing and steel yield is consistent with that described in Fig. 5, 
considering that Group 2 specimens have somewhat less than balanced rein- 
forcement. Concrete crushing and maximum load occurred at markedly 
smaller deflections for the F-series than for those tested at a slower rate. Al- 
though steel yield at the columm faces was not measured for the F-series, the 
result of the faster loading was undoubtedly to bring the development of 


yield at the column faces and concrete crushing closer together, and for Group 


2F this resulted in virtually balanced reinforcement conditions. Specimens 
244k, I8F, and OF exhibited an initial maximum at what appears to be the 
point of development of steel yield at the column faces, followed by a slight 
drop and a second maximum at a slightly lower value. The second maximums 
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(Cc) RELATIVE CONCENTRATION OF PLASTIC YIELDING AT MAXIMUM MOMENT 
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Fig. 5—Behavior of test specimens 
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Fig. 6—Load-deflection curves 
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Fig. 7—Load-deflection curves 4 \ 
for repaired beam-to-column j 
connections { 
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for these specimens were used for purposes of comparison with the other 
specimens. 

Fig. 8 illustrates typical appearance of Group 3 beams at steel yield, con 
crete crushing, and at ultimate load. Major portion of the visible deflection 
developed between crushing and ultimate loads 


Load-strain curves 

Typical load-strain curves are shown in Fig. 9 for specimen 1-248. Steel 
strains of the same order of magnitude as those at the column faces were 
developed at the column center line during the early period of loading in all 


specimens. Yield at the center line is discussed in the following section on 


vield and crushing. 
Yield and crushing 
An objective of varying column stub width from 6 in. to 36 in. was to trace 
the spread of steel yield into the column at crushing of the concrete and at 
maximum load. Although results were more scattered and less conclusive 
than was hoped, certain trends are reasonably apparent. In Fig. 10, the 
ratios of center line yield deflection to the deflection at crushing or maximum 
load have been plotted against the corresponding values of half the column 
width for all specimens. Since the value of w/2 corresponding to a deflection 
ratio of unity for a specific steel ratio defines the maximum limit of yield 
spread, the values at unity for each steel ratio as obtained from the first four 
diagrams of Fig. 10, are replotted in the last diagram to show the relationship 
between maximum spread of yield into the column and steel ratio The 
maximum spread of yield is somewhat reduced by fast loading, but the effect 
is not particularly significant at crushing, and is not conclusive at maximum 
load. The variation of maximum yield spread with steel ratio is a definite 
trend. Average values to the nearest in. for these tests are 
Group No Steel ratio Maximum yield spread at 
p p 

0 05 loin oan 

0 03 $n in 

0 01 5 in 15 in 
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The length of fracture on the compression face should be a measure of the 
total extent of crushing strain in the concrete. Top surface measurements 
of the fractures at the critical sections were the same for the slowly and rapidly 


tested specimens, within the accuracy of measurement possible, but varied 
with the amount: of longitudinal reinforcement. Difficulty in estimating 
the portion actually affected by compression crushing was caused by spalling 
on the sides and top, but the resulting average values to the nearest in. were 
Group Crushed length 
No Steel ratio at critical section 
0.05 8.0 
0.03 6.0 
0.01 5.0 


Fig. 11 indicates appearance of typical fractures at collapse. 


It must be noted that these specimens were heavily reinforced against 
diagonal tension failure, with the result that the concrete was constrained 
more than if the transverse steel had been the optimum for prevention of 
diagonal tension failure. The spread of plastic strains on the compression 
face and into the column should be considerably greater than the crushed 
length as given above. 


(a) At start of steel yield at 
center line of column 


(b) At crushing of the con- 
crete, as indicated by 
strain release on SR-4 

gages 


At collapse 


. 8—Specimen 3-6S during 
test 
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Fig. 9—Load-strain curves for 1-24S 


Repaired sections 

Three specimens, originally tested under rapid loading, were selected for 
repairing of the failed sections. The 6-in. column stub specimen from each 
steel ratio group was taken because of the relatively greater damage. Each 
specimen was inverted, then placed in the testing machine and straightened 
All damaged concrete was removed, taking care to chisel out approximately 
square for all surfaces to be in contact with fresh concrete. The open portion 
was then formed and cast with fresh concrete made in a laboratory mixer. 
The average strength of three 6x 12-in. cylinders at time of test was 4860 
psi. 

The load-deflection curves, obtained with slow loading, are shown in Fig. 7. 
Maximum loads are greater for the repaired sections, but the effective depths 
were 5 to 10 percent greater than originally, because of the kink developed 
from the first test. Also, the tension reinforcement in 3-6F had been stressed 
into the work-hardening range in the original test, as is evident in the higher 
position of yield on the retest curve. 


ANALYTICAL STUDIES 
Theory 
Expressions are already available'-®’ with which values of moment may 
be computed for comparison with these experimental findings. Also, the 
relationship between unit rotations developed in flexure and the deflection at 


any point on a beam has been presented.*.%'°!! Only expressions directly 
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Fig. 1|O—Maximum spread of steel yield 


useful to analytical study of these tests are given below. In general, develop- 
ments are not provided unless helpful to an understanding of an equation or 
its use. 

Klastic equations—Customary assumptions of linear distribution of strain, 
proportionality of stress to strain, and no tension in the concrete, are the basis 


for the following equations. Refer to Fig. 12(a). The equations are developed 
at the limit f, = fy. 


From equality of total forces of tension and compression: 


From strain distribution: 
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From the transformed section: 


k = V[(n 1)p’ + np|® + 2I(n 


k 
/ — + p(n 1 Ck’ +4 t npil 


Resisting moment at yield of tension steel, with concrete in elastic range is 


Modulus of elasticity of conerete?!4 ts 
1S00.000 4 4600 f 


Plastic equations The assumptions of linear distribution of strain, plastic 


compression stress-block, and no tension in the concrete, are the basis for 


plastic equations given on the following page. Refer to Fig. 12(b) 


Fig. 11—Typical fractures at collapse 
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Fig. 12—Distribution of stress and strain for analytical studies 


From the equality of total forces of tension and compression: 


From strain distribution: 


Combining Eq. (9) and (WO), and substituting hy ky f.’* for fay: 


f. — p Se t 
oo ky k 


aT & 


If concrete crushing precedes yield in tension steel: 


*ki, ka as used in this study is the ratio of average concrete stress to cylinder strength, whether or not the concrete 
is fully dey Aoped in compression 
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If concrete crushing and yield in tension steel occur simultaneously 


The right term of Iq. (13) defines the strain relationship for balanced rein- 


If the left term, calculated from actual beam and material prop- 
is greater than the right term, failure should occur by crushing of the 
concrete prior to yield in the tension steel. The left term is the 
index, q’, 


forcement. 
erties, 
reintoreing 
for a section reinforced in tension and compression, and the right- 
hand term defines the limit of g’ for balanced reinforcement, as follows 


Crenera! plastic moment equation is: 


V ki ks fe’ kbd? (1 


(17 


At conerete crushing, and for the amount and position ol the COMpression 
reinforcement of these tests, the expression for k from Eq. (9 


by COMES 


Substituting Hq. (18) in Inq. (17), with f,’ 


If the section is capable of sustaining additional moment after crushing of 
the outer concrete fibers, Iq. (19) may be used for computing M,,,, if f,, kyks, 
and ky are the values at the maximum moment instead of at crushing. Values 
of f, and kyky at C and Py., are computed from the test data in Table 6, for 
use with Eq. (19). 

Insofar as ky is concerned, experimental studies by others'? have shown 


values ranging from approximately 1/3 at low loads to over 1 at failure. 


The value of 0.5 has been selected for this study, at crushing and maximum 
loads. 
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Fig. 13—Unit and total plastic rotation, and deflection relationships 


The concentrated plastic rotation 0, for the type of specimen and loading 
used in these tests may be developed from Fig. 13 as below: 


Analytical versus test values 

Moments at concrete crushing and at maximum load were computed from 
Kq. (19) for all specimens, using the appropriate value of kik; from Table 6. 
In the case of Group 3 specimens, for which sufficient strain data was lacking 
at maximum load, an assumed value of 0.9 for kik; and the maximum individual 
concrete strain reading of 0.0059 for the group were substituted in Eq. (12) 
to obtain a relationship between f, and «,. Using this relationship and the 
actual stress-strain curve of Fig. 3, f, was determined by trial and error to be 
approximately 60,000 psi. With these values, M,,.2 for Group 3 was computed 
from Eq. (19) as 335 ft-kips. 
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TABLE 7—EXPERIMENTAL AND ANALYTICAL YIELD MOMENTS AND 
CONCENTRATED PLASTIC ROTATION AT YIELD 


Yield moment, in.-kips | :xperimental A, in., 

Specimen a | measured Op, radians, 
No. Experimental | Analytical | Analytical M, | at yield at yield 

l- 65 880, 1050 0.84 0.78 | 0.0106 
1-125 936 gOS 0.94 1.13 0.0187 
1-185 945 856 1.10 1.00 0.0181 
1-245 924 950 0.97 0.84 0.0159 
1-368 900 945 0.95 0.63 0.0140 


Average Group 1-8 0.96 0.0155 
Range | ©0.84-1.10 0106-0 0187 


2- 68 720 1.03 i: 0.0052 
2-128 715 1.01 4! 0.0045 
2-188 700 2: 0.97 4! 0.0055 
2-245 695 0.97 : 0.0077 
2-368 709 1.00 4 0. 0080 
' 
Average Group 2-8 1.00 0.0062 
Range 0.97-1.03 0045-0 . 0080 


3- 68 
3-128 
3-185 
3-248 
3-368 


1.05 : 0.0071 
1.05 56 0.0076 
1.04 : 0.0076 
1.05 5 0.0105 
1.07 0.0125 


Oho to th 
Aan 
acc. 


tb 


Average Group 3-8 1.05 0.0090 
Range 1.04-1.07 0.0071-0.0125 


Over-all average S-series 1.00 
Range 0. 84-1 .07 


analytical moments for Groups 1 and 2. Eq. (6) was used for analytical moments for Group 3 


Moments at yield were computed for the S-series only, because experimenta! 
yield moments were not obtained for the F-series. For Group 15, the mo- 
ments at yield are the same as the maximum moments computed from Iq. (19) 
with kk; and f, as listed for Pmaz. Yield and crushing developed at virtually 
the same loads for Group 28, requiring the use of k,ks and f, at P, in Eq. (19), 
and therefore resulting in the same values as crushing moment. Yield moments 
for Group 38 were computed from Eq. (6). 

These analytical moments for each specimen are listed in Tables 7, 8, and 9 
together with experimentally determined moments and the ratios of experi- 
mental to analytical values. Considering both S- and F-series, the ratios for 
the individual specimens range from 0.84 to 1.24. The over-all averages for 
the S-series are 1.00, 1.07, and 1.02, for yield, crushing, and maximum moment, 
respectively; and for the F-series the over-all averages for crushing and maxi- 


mum moments are 1.02 and 1.01. 
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TABLE 8—EXPERIMENTAL AND ANALYTICAL CRUSHING MOMENTS 
AND CONCENTRATED PLASTIC ROTATION AT CRUSHING 


Crushing moment, in.-kips Experimental A, in., 
Specime M. measured O,, radians, 
No. Ixperimental Analytical Analytical M, at crushing at crushing 


l- 6S 715 639 1.12 0.40 0.0040 
1-128 791 699 1.13 50 0. 0064 
1-188 S10 726 ee! 52 0.0077 
1-248 840 711 1.18 54 0.0091 
1-365 702 741 1.07 42 0. OOR6 


Average Group 1-8 12 0 0072 
Range a 0040-0. 0091 


l- 6F 674 96 2! 0.0013 
1-12F 706 O01 , 0.0020 
1-I8F 870 24 3! 0.0036 
1-24F 733 04 ‘ —() OO16 
1-36F 676 97 ( 0.0009 


Average Group 1-F 04 0.0009 
Range 1s 0.0009--0.0036 


2- 6S 720 0. 0066 
2-128 735 04 0 O112 
2-188 690 2° 76 0.0125 
2-245 691 0.0128 
2-368 715 0.0177 
Average Group 2-8 0.0122 
Range 0066-0. O177 


2- OF 676 HY 0.0053 
2-12F 720 Ol 0 0055 
2-18k 711 OO j 0. OO88 
2-24F 673 0.95 7 0.0120 
2-56F 626 0. 88 0 0068 


Average Group 2-k 0.96 0. OO77 
Range 88-101 0053-0 0120 


3- OS : 1.10 0.033 
3-125 317 1.09 0.0307 
3-188 304 , 1.09 0 0205 
3-245 ‘ 28% 1.10 56 0.033 
3-365 3 1.05 0 0424 


Average Group 3-8 1.09 0.0320 
Range 05-1 0205-0. 0424 


3- OF 286 1.00 : 0. O177 
3-12F 293 2! 1.02 ; 0.0154 
3-1 8F 310 : 1.08 : 0.0230 
3-24F 305 ' 1.06 0.0264 
3-36F 306 1.07 2 0.0300 


Average Group 3-F 1.05 0.0225 
Range 00-108 0177-0 .0300 


Over-all average S-series 1.07 
Range 96-1.18 
Over-all average F-series 1 02 
Range 8S-1 24 





TABLE 
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9—EXPERIMENTAL AND ANALYTICAL MAXIMUM MOMENTS AND 


CONCENTRATED PLASTIC ROTATION AT MAXIMUM 


Specimen 

No experimental 
1- 6S 
1-128 
1-1 8S 
1-248 
1-365 


SSO) 
936 
O45 
924 
910 


Average 
Range 


Group 1-8 


l- 6F 
1-12F 
1-ISF 
1-24F 
1-36F 


934 
975 
OSD 
O31 


972 


Average 
Range 


Group 1-F 


720 


Average 
Range 


Group 2-58 


2- 6F 
2-125 
2-18F 
2-24F 
2-36F 


ORS * 
722° 
675* 
682* 
720 


Average Group 2-F 
Range 


S66 
j48 
349 
351 


558 


Average Group 3-S 
tange 


3- 6F 352 
3-12F 346 
3-18F 355 
3-24k 340 
3-36F 354 


Average Group 3-F 
Range 


Over-all average S-series 
Range 
Over-all average F-series 
Range 


*Second maximums 


tGages inoperative at Pmaz for Group 4 


0.00587), resulting in fe 


Analytical 


Experimental 
Maximum moment, in.-kips M maz 


Analytical 


M maz 


1050 0.84 
GUS 0.94 
ROH 110 
950 0.97 
945 0.96 


0.96 
0.84-1.10 


I 
1.04-1.09 
105 
1.03 
1 06 
1 02 
1 O68 


1 04 
1 02-1.06 
1 02 
O84 1.10 
1 ol 


0 96 1.06 


Analytical Mmoz based upon kika 


A, in 
measured at 
maximum 


0,, radians, 
at maximum 
0.78 0 O106 
1.15 0 OLS87 
2 0 OLS] 
S4 0 O159 
2 0 0220 


0. O171 
0106-0. 0220 


0.0116 
0 0050 
0 OO6D 
0 OOOS 
0 0065 


0.0073 
0050-0 OL16 


0. 0500 
0 O160 
0 0280 
0 0260 
0 0460 


0 02902 
0160-0 0460 


0 O117 
0 0170 
0 0237 
0.0376 
0 0419 


0 0264 
O117-0.0419 


0 O915 
0 O23 
0 O732 
0 0937 
0 0965 


0 ORD4 
0732-0. 0963 


0 OOS6 
0.0531 
0 O814 
0 O855 
0 OORYD 


Q O775 
0 0531-0. OUS9 


OU, eu 0.0059 (Unaximum 


60,000 psi in work-hardening range on stress-strain curve. 
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Concentrated plastic rotations 


Values for the concentrated plastic rotation at yield, crushing, and maxi- 
mum loads for each specimen were computed from Eq. (20) and entered op- 
posite the measured deflections in Tables 7, 8, and 9. These concentrated 
plastic rotations for the individual specimens of the S-series and the averages 
for Groups IF, 2F, and 3F are plotted against steel ratios in Fig. 14. It is 
evident that the plastic rotation at steel yield or at concrete crushing is not 
large, and is not a major portion of that available at maximum load. The 
plastic rotations occasionally show a tendency to increase somewhat as the 
column width is increased, which is probably due to the increased opportunity 
for spread of strain into the column. 


The fast loading rate, equal to that specified for cylinders, somewhat reduces 
the plastic rotation. It is to be expected that such a stress rate would not 
permit an appreciable flow or spread of strain at a critical section having a 
reduction in moment on each side, and it should be noted that the plastic 
rotation at crushing for the steel ratio of 0.05 is practically negligible at the 
fast loading rate. 


Intersection of the curves for plastic rotation at steel yield and conerete 


, 


crushing, if plotted from the same coordinate axes for a single value of f, 


would define the balanced steel ratio for which yield and crushing develop 


simultaneously under the conditions of these tests. With the cylinder strength 
of about 4200 psi for the steel ratios of 0.03 and 0.05, the curves of Fig. 14 
intersect at p = 0.038 for slow loading. If it is assumed that yield develops 
for fast loading at the same deflection as for slow loading, the value for bal- 
anced p would be close to 0.03, which is consistent with the load-deflection 


N, RADIANS 


AT STEEL YIELD AT CONCRETE CRUSHING 


OTATIO 


Stee STRAINS WERE NOT 
MEASURED AT THE CRITiCa 
SECTIONS FOR THE F-SERIES 


D PLASTIC 


S-SERIES 


NCENTRATE 


co 


F-SERIES™ 
av \ 





\ 4 4 
0.02 0.02 
STEEL RATIO 


Fig. 14—Concentrated plastic rotations 
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curves for Group 2F on which the points for conerete crushing appear to be 
very close to that for yield. 


SUMMARY 


Thirty simulated beam-to-column connections of reinforced concrete were 
tested to determine the amount of plastic rotation that could be considered 
to be concentrated at the junction of the beam with the column, and also to 
evaluate the distance into a column to which yield strains would spread in the 
tension reinforcement. Half of the connections were tested at a stress rate 
on the compression face equivalent to that specified for concrete cylinders, 
in order to produce flow conditions approximately the same as that in standard 
cylinder tests. Also, three of the connections carried to failure under the 
rapid loading were repaired and retested for comparing with the results from 
the original tests. 

The results from this entire investigation may be summarized as follows: 


1. The sequence of steel yield, concrete crushing, and maximum load is typical of beams 
having less than balanced reinforcement, whereas concrete crushing followed by a maximum 
load with or without steel yield is the typical order for over-reinforced sections 

2. Values for maximum spread of steel yield into a column were 1, 3, and 5 in. for p=0.05, 
0.03, and 0.01, respectively, at concrete crushing; at maximum moment, the values were 3, 
6, and 15 in. for p 0.05, 0.03, and 0.01, respectively 

3. Lengths of fracture on the compression faces were approximately 8, 6, and 5 in. for p 
0.05, 0.03, and 0.01, respectively, but these values may have been influenced by the spacing 
of the diagonal tension reinforcement. These values are not considered a measure of spread 
ol plastic strains on the compression face 

4. Moments computed from the analytical expressions presented herein are in good agree 
ment with the moment determined experimentally 
5 A loading rate comparable to that for concrete cylinders reduces the amount of plastic 
rotation to some extent, in relation to a loading rate that permits manual reading of load, 
strain, and deflection 

6. The balanced steel ratio for the f.’ of approximately 4200 psi for Groups IS and 28 
was experimentally determined to be 0.038, and for Groups IF and 2F the balanced ratio was 
about 0.030 
7 Plastic rotations at steel yield and at concrete crushing were not large, and were not a 
major portion of that available at maximum load. The maximum average value of plastic 
rotation for slow loading was 0.089 radians for p= 0.01, but reduced to 0.020 radians for p 
0.03, and 0.017 radians for p= 0.05; corresponding maximum average values for rapid loading 
were 0.078, 0.016, and 0.007 radians, all at maximum load 

&. tesults from tests on repaired sections were not significantly different from the original 
test results, although maximum loads were somewhat higher apparently due to a lowering 
of the center of gravity of the steel at the repaired section. The effect of work hardening in 
raising the load at steel yield was also evident 
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Mass Concrete Control in Detroit Dam* 


By ROY R. CLARKT 


SYNOPSIS 


Planning temperature control procedures for the mass concrete of Detroit Dam in 
western Oregon is explained in detail. Construction methods, including cooling prac- 
tices, are given, along with cement types and proportioning of the conerete. Tempera 
ture history of the mass concrete supplements the analysis of temperature strains in 
each of four zones of the dam. 

Uniformly stable conditions were established at the base of the dam, and inspection 
3 years after completion disclosed no defects on the outside surface, and only a few 
hairline cracks on exposed interior surfaces. Total cost of cooling measures was $0.65 


per cu yd, about 4 percent of the total cost of mass concrete 


INTRODUCTION 


Detroit Dam, a multiple-purpose project, is located on the North Santiam 
tiver, 40 airline miles from Salem, the state capitol of Oregon. The reservoir 
surface, 1574.0 ft above mean sea level, is in the foothills of the Cascade 
Mountains, and the dam is subject to sharp temperature changes. This 
structure was designed and its construction supervised by the Corps of Engi 
neers, United States Army. This paper studies one phase of the design, 
namely mass concrete control. 

The dam is an overflow type with six radial gates which will discharge 
176,000 cfs when fully open. Four high head outlet conduits in the dam will 
discharge in excess of 20,000 cfs depending on the elevation of water in the 
reservoir. A test conduit 8 ft in diameter was constructed through the dam 
at an elevation 234 ft below the maximum pool level. Two 15-ft diameter 
penstocks pass through the dam 170 ft below the maximum pool level 

Total concrete volume of the dam was 1,350,500 cu yd, all of which was 
subjected to the type of control to be described herein. Fig. | shows arrange 
ment of concrete production facilities. Dam height from stilling basin foun 
dation to roadway deck is 413 ft. Deep, irregular foundation excavations 
extended below this level approximately 60 ft in some places. Conventional 
foundation grouting and drainage were carried out. The base width of the 
dam at the highest section is 354 ft. Due to this wide base and the desire to 
eliminate contraction joints parallel with the long axis, the question of tem 
perature control became of first importance. The design could not be com 


*Received by the Institute Oct. 8, 1956 lithe No. 54-64 is a part of copyrighted JOURNAL OF THE AMERICA 
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Redford Station, Detroit 19, Miel 
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pleted until temperature studies progressed far enough to make possible a 


decision whether or not to eliminate vertical construction joints parallel 
with the axis. The basic design principles were determined in 1942-1943, but 
construction was postponed until March 1949 and completed in June 1953. 

Foundation rock at the dam site is andesite of a single massive lithologic 
unit. Numerous fractures do not detract from the structural soundness of 
the rock but do form planes along which seepage may occur. 

Contraction joints in the dam were not grouted or closed with waterstops 
at the downstream face. Also where the monoliths rest on bedrock the con- 
traction joints were not sealed, permitting drainage at any place where water 
may exist in the foundation rock. 


DESIGN CONSIDERATIONS 
General 

Newly placed concrete undergoes a rise in temperature due to the exo- 
thermic reaction of hydration of cement. In a conerete mass of nominal 
thickness, heat thus developed is readily dissipated and the thermal expansion 
of the concrete remains within acceptable limits. As the thickness of the mass 
increases, however, the additional concrete acts as an insulating barrier, 
decreasing the rate of heat dissipation. ‘This correspondingly increases the 
temperature of the interior of the mass and causes thermal expansion greater 
than that near the exterior. Also, severe thermal shock may occur when the 
surface cools quickly while the interior is still heating. Such temperature 
changes may fracture the mass, destroy its monolithic character, radically 
alter the design stress distribution, and reduce the life of the structure. 

To achieve best results, both at the interior and the surface of a structure, 
measures can be adopted to prevent excessive surface tension and to limit 
the temperature rise. Mass concrete control can therefore be defined as the 
utilization of those factors which keep surface and internal tensile stresses 
within the tensile strength of the concrete; if properly carried out it will pro- 
vide a factor of safety commensurate with other elements of the structure 
design. The term “mass concrete” is here defined as portland cement con- 
crete involved in a structure of such massive dimensions that temperature 
rise, if uncontrolled and due largely to the hydration of the cement, would 
result in objectionable thermal expansion of the concrete 

A gravity dam is a rigid structure which deflects very little. The volume 
change evidenced by measured strain is extremely small. ‘These massive 
structures have frequently cracked, often in an unpredictable manner. Mass 
concrete containing cracks in any position causing ultimate weakness under 
stress must be considered defective. Tensile stresses which cause cracking 
are directly related to the thermal coefficient of expansion and to the modulus 
of elasticity of the concrete, and inversely related to the creep or plastic 
yielding of the concrete. Among existing dams of varying age in the United 
States, it has been noted that those in which the concrete has a low modulus 
of elasticity are now in better condition than those with higher modulus. 
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In the design of the dam, why should a stress analysis be considered com- 
plete without including a realistic coverage of temperature tensile stresses 
to determine whether or not structural ruptures may develop at the base in 
the early life of the structure and later extend upward through the mass to 
become problems of safety and permanence? The writer believes that such 
a weakness in many dams can be prevented by careful advance planning and 
adoption of adequate control measures without undue cost or delay in con- 
struction. Some of the steps to be taken are related to construction but in 
reality are design principles. 

Improved methods of construction have encouraged and made _ possible 
more massive structures such as Detroit Dam. The tendency, however, is 
to construct too fast and to be opposed to special methods to improve quality 
which are not usually understood or accepted. On the other hand, modern 
construction techniques can aid in proper concrete control methods. More 
accurate control of batching and placing is possible, vibration and use of air 
entrainment encourages lean mixes, producing homogeneous concrete that 
lends itself to more accurate control measures. 


Temperature control 

The control of temperature rise in mass concrete is sometimes referred to 
as an effort to prevent the interior from swelling and bursting the skin. Tem- 
perature control is a necessary step toward crack prevention. Cracks usually 
start at the boundaries of a concrete mass rather than at the interior. Boun- 
daries are defined as the contact with bedrock and the surfaces of interior 
adits or chambers within the body of the mass, in addition to outside surfaces 
temporarily or permanently exposed to the atmosphere. The design problem 
for any large gravity dam is to provide large monoliths with wide bases that 
will be permanently free of cracks parallel with the axis. If cracks are allowed 
to form during the nonuniform conditions of construction, they will tend to 
grow as subsequent natural cooling takes place. Uncontrolled cracks can 
extend to bedrock and entirely through the dam. When a monolith splits 
from base to top, stability is threatened, stresses are altered and foundation 
loading becomes entirely different from that indicated in the design. The 
safety of the structure is threatened and life expectancy is greatly shortened. 

The severity of climatic changes during construction, and afterward, 
should be considered with care in determining the method and extent of 
control for any project. The number of times the ambient air temperature 
undergoes a large differential in a short period during construction is im- 
portant. <A limit of 25 deg F, or more, differential of the ambient air tem- 
perature in a short period has been adopted as a reasonable measure of this 
condition. Table 1 compares the condition at the Detroit Dam site with 
that of other dams where such data are available. 


Within the last 20 years, two methods of temperature control have been 


developed. One method consists mainly of cooling the concrete after placing 
by circulating cold water through embedded pipes. With this method, the 
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TABLE 1—AMBIENT AIR TEMPERATURE COMPARISON 


Dans 


Number of times the tem Clark 
perature differential ex Hill 
ceeded 25 deg F during 

short period 114* 


*One year elapsed time during construction 
** Average for one year during the construction period 


concrete is placed in blocks with joints in both vertical planes. Continuity 


is obtained later by grouting joints between the individual blocks of concrete. 
The interior concrete is sometimes cooled below the ultimate expected tem 
perature to allow for persistent heating as the concrete continues to hydrate 
at later ages. Too-rapid cooling by this method sometimes results in cracking. 

The other method depends mainly upon precooling the concrete aggre- 
gates, cement, and water before mixing and placing. It also takes advantage 
of other measures to limit the temperature rise and effects of rapid thermal 
change. The lowest practicable cement content is used in the interior Mass; 
cements of limited heat liberation are specified, and construction procedures 
favorable to minimum expansion are adopted. Calculations are made of 
temperatures to be expected, and that combination of materials and pro 
cedures is specified which will promise most favorable temperature relations 
during construction and afterwards as the dam becomes adjusted to its ulti 
mate condition. This method sometimes permits the adoption of designs 
without construction joints parallel to the long axis of the dam, and is in use 
by the Corps of Iengineers, United States Army. Both this method and the 
pipe cooling method aim at producing, in the end, a monolithie structure with 
the maximum durability. 


Detroit Dam design objectives 

In the Detroit Dam special measures affecting both design and construction 
were directed at a low concrete placing temperature, limiting the temperature 
rise Within the mass so as to avoid extremes at any localized zone, and toward 
maintaining a relatively uniform temperature rise during all seasons of the 
year. The objectives included production of a more flexible concrete, ade- 
quately strong, but less susceptible to cracking than more rigid high strength 
concrete, so compounded, placed, and controlled as to prevent, or at least to 
minimize, any tendency to crack. At the time this phase of the design was 
developed it was the largest known monolithic structure planned without 
vertical joints in the mass parallel with the long axis. The problem was to 
determine the controlling factors which would enable a dam of such size to 


be built, free of structural defects, without involving excessive cost 


Engineering manual provisions 

The Engineering Manual for Civil Works issued in 1953 by the Office, Chief 
of Engineers, U. 8. Army, is in use by the Corps of Icengineers as a guide in the 
design and construction of large concrete structures. The following state 


ments are direct quotations from this manual. 
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1. “General Considerations—The problem of control of temperature stresses is of 
concern principally in connection with the design and construction of gravity type con- 
crete dams. It is a general concern, in connection with all types of massive concrete 
structures. The problem is caused by the temperature changes that take place through- 
out a structure due to heat generated as the hydration of the cement takes place. The 
problem is influenced by a number of factors, one of the most prominent being climatic 
temperature conditions at the site of the structure. The trend of temperature change 
follows a cycle. This can generally be defined in terms of three critical points in the 
cycle. They are: the initial or placing temperature, the maximum temperature, and 
the final or stable temperature. The interior of the dam will eventually reach a condi- 
tion of almost constant (though not equal throughout) stable temperature.’ [The 
foregoing design and temperature control measures were in part made possible by the 
success of the Detroit Dam experience.]} 

2. “Methods of analysis of temperature changes in concrete structures have been 
published in technical literature and are generally available. The simplified analytical 
methods developed by Schmidt and Carlson are satisfactory for use in the solution of 
most of the problems related to investigation of temperature changes in a concrete 
structure.” 

3. “Cement-——-The use of Portland cement or a blend of Portland cement and a 
cement replacement having favorable heat characteristics is basic to the problem of 
temperature control. The use of Type II cement will, in general, be standard practice 
for Corps of Engineers construction. The use of Type IV cement will be given considera- 
tion only where a Type B (massive structure) is indicated.” 

4. “Protection—-The temperature protection equipment, the curing water, and the 
removal of forms shall be handled in such a manner that the surface of the concrete will 
not be subjected to a temperature differential of more than 250° F.”’ 

5. “Control Methods—It is mandatory, from an engineering standpoint, to take 
every reasonable precaution to minimize cracking which may result from temperature 
changes.” 

6. “Forced Cooling—-Under certain circumstances it may be necessary to utilize 
pipe cooling in combination with controlled placing temperatures.” 


DESIGN PROCEDURE FOR DETROIT DAM TEMPERATURE CONTROL 


The first operation was to adopt those necessary conventional design and 
construction standards which were independent of the results of the thermal 
studies to be made. The entire dam was divided into monoliths or blocks 50 
ft long. It was required that concrete be placed in horizontal layers or lifts 
5 ft deep except where shallower lifts might be needed or justified. One of 
the early steps was to determine, by trial mixes, using the manufactured 


material proposed for the dam, the lowest cement factor that would produce 
a dense workable mix of necessary quality. The cement content was found 
to be about 0.6 bbl (235 lb) per cu yd of mixed concrete. The upstream and 
downstream faces of the dam (4-5 ft thick) are of a richer mix for increased 
durability. 


Precalculation of temperatures 

With laboratory results available, the next step was to calculate mass 
concrete temperatures for a variety of conditions. The principal factors to 
be dealt with in such a calculation are: diffusivity of the concrete; quantity 
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TABLE 2—SPECIFICATION REQUIREMENTS 


_ 
: Maximum placing! Maximum heat of hydration,* 
Curve in Cement Cement factor, temperature, | eal per e 
Fig. 1 type Ib per cu yd | I 


376 65 - 
I 376 65 70 80 
I 282 65 70 80 
V 235 50 60 70 


7 days 28 days 
A 
B 
cC 
ID 


I 
I 
I 
I 


*Heat of hydration used in this table is that resulting from 70 F temperature including immediate heat of hydra 
tion. 


and heat-generating characteristics of the cement; methods of construction; 
and ambient air temperature at the site. The designer should not hesitate 
to select any of the standard types of portland cement available with due 
regard to cost. Those considered were Type I, Type II, and Type IV, as 
offered by the cement industry in this country. All cements considered 
produced concrete of adequate strength. The heat of hydration specified 
was not to exceed the values in Table 2. An admixture was required which 
would entrain air to help produce plastic concrete with a low cement content. 
Fig. 2 shows how the precalculation of temperatures can help in choosing 
cement type and other factors. Four temperature curves represent tem- 
perature variation to be expected for the four conditions listed in Table 2. 
Conditions which remained constant for all four curves are: height of lift, 
rate of construction, ambient air temperature, and thermal properties of the 
aggregate. Variables are cement type, cement content, and placing tem- 
perature. It is not intended here to show the many calculations or curves 
necessary to illustrate the effect of each variable separately, but rather accurate 














CONCRETE TEMPERATURES IN DEGREES F 


10 15 20 30 
AGE OF CONCRETE IN DAYS 


Fig. 2—Calculated concrete temperatures resulting from the consideration of data 
in Table 2 
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comparisons of results for illustration. Mechanical cooling of the concrete 
after placement by embedded pipes was not considered in these data. 

Curve A shows that using | bbl (376 lb) of Type I cement per cu yd with- 
out precooling produces an average concrete temperature within the mass of 
118 F at 28 days under average conditions. Curve B shows that using 1 bbl 


Type Il cement per cu yd without precooling produces an average tempera- 


ture of 109 F at 28 days under average conditions. Curve C shows that 
using 0.75 bbl Type Il cement per cu yd of concrete (without cooling) pro- 
duces an average concrete temperature of 99 F at 28 days, also under average 
conditions. <A placing temperature of 65 F is known to be a fair average for 
this location and was used in these calculations. It has been determined 
that the interior mass of a large dam will eventually cool to approximately 
the mean annual temperature of the site, which at Detroit Dam approximates 
50 F. Under these conditions the concrete would undergo a final reduction 
in temperature of slightly more than 49 deg. (Concrete C, Table 2). This 
condition was rejected as being unnecessarily severe and one which would not 
permit elimination of vertical joints parallel with the long axis of the dam, 
because the wide base would be ruptured due to cooling tensile stresses and 
possibly result in an unstable condition. Discussion later in this paper will 
shed more light on this important phase of the design. 

Temperature calculations indicated that by cooling the fine and coarse 
aggregate and using refrigerated water in the mix concrete could be produced 
with a placing temperature of 50 F at all times. This assumed placing tem- 
perature is not necessarily the same as the mean annual temperature, al- 
though at the Detroit Dam location it did coincide. Curve D indicates that 
with the use of 0.6 bbl of Type IV cement and with cooled aggregate the con- 
crete temperature within the mass in warm weather would be limited to 80 F 
at 28 days for what can be termed a normal construction schedule. This 
condition would mean an ultimate drop of 30 deg from the 28-day tempera- 
ture through several years until the mean annual temperature should be 
reached. Not enough was then known about the ability of mass concrete 
to withstand thermal shrinkage without rupture, but such data as were avail- 
able indicated that a slow drop of 30 deg would not damage the concrete. 
More details of this phase of design appear later in the paper. 


Cooling varied with the season 


Having determined, theoretically, that aggregate cooling could be de- 
pended on to produce 50 F concrete in warm weather, Fig. 3 was prepared 
to indicate the conditions throughout the seasonal temperature changes dur- 
ing construction, A plan capable of cooling materials to produce concrete 
placing temperature not over 50 F in the warmest month of the year would 
also produce concrete of a lower placing temperature during colder months. 
By additional calculations, it was discovered that Type II cement having a 
greater heat generating factor (see Table 2) could be utilized in colder months 
of the year when the placing temperature would be below 50 F and yet not 
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LEGEND 

a AMBIENT AIR TEMPERATURE 

B ONCRETE PLACING TEMPERATURE WHEN 
CONCRETE PLACING TEMPERATURE WHEN 
AMBIENT AIR TEMPERATURE BELOW 35 fF 
PERIOD REQUIRING COOLING 
PERIO NOT REQUIRING COOLING 

PERIOD REQUIRING MATERIALS 


TWELVE MONTHS 


VARIABLE TEMPERATURE 


el 


« 





Fig. 3—Schematic diagram showing general problem of cooling (or heating) 
required by project specifications 


exceed the mass concrete temperature rise above that placed Hn) Stlmmer 
months using Type IV cement with a placing temperature of 50 f These 
data indicated that at the Detroit Dam Type IL cement could be used in 
colder months of the year, its cost being $0.35 per bbl less than Type IV 
cement. Accordingly, the specifications for construction provided for the 
use of Type IV cement during the warmest months and Type II cement dun 
ing the colder months, with a limitation on all concrete temperatures of 50 I 
in the forms | hr after being mixed. This related to the interior mass of the 
concrete with 0.60 bbl cement per cu vd of concrete. The exterior facing 


concrete was richer, with a higher rate of heat generation which was largely 


compensated for by a more rapid rate of heat loss by convection, 


Construction methods specified 


Complete control of construction procedures is vitally important if satis 
factory results are to be obtained. The following seven items were specifically 
required for the Detroit) Dam. All of these measures have not ordinarily 
heen specified in similar structures. Taken together they constitute a com 
plete coordinated control system to prevent thermal cracking. These special 
requirements were specified and closely adhered to during the more than 3 
years of construction. They are as follows 

1. Type IV cement was specified for use from April 15 to October 15, Type TI 
cement at all other times 

2. The placing temperatures of concrete were limited to a maximum of 50 F in the 

forms, with a minimum ambient air temperature of 35 I permitted without heating the 


concrete materials 
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3. The height of leading blocks (monoliths) was limited to 25 ft above adjacent 
blocks. 

4. Protection of transverse faces of blocks was required if exposed for more than 30 
days before placing adjacent blocks. 

5. Steel forms were required on the transverse faces of all blocks without the use of 
wood lagging. 

6. Cement content of 0.6 bbl per cu yd of concrete was specified for the interior 
mass mix, together with the use of an air-entraining admixture. Outside or facing con- 
crete required 1-1.1 bbl cement per cu yd of concrete. 

7. Pipe cooling was specified in deep, irregular foundations and for the wide bases 
of certain blocks for a limited height. 

Some of the above provisions require explanation for full understanding of 
their significance. The limit on placing temperatures throughout the chang- 
ing season is illustrated in Fig. 3, which was the guide for layout of plant 
and for supervision by the resident engineer. Starting in the warm season 
the maximum concrete placing temperature must be 50 F or less, somewhat 
below the ambient air temperature. This required cooling of the aggregate. 
As cooler weather approached cooling of material was continued until the 
temperature of the concrete, if mixed of uncooled materials, would not exceed 
10 F. At this time cooling was discontinued and not resumed again until 
the next approaching warm season when the temperature of the concrete 
would be 40 F if materials were not cooled. During the cold season, if the 
air temperature was 35 F or lower, materials were to be heated and other 
protective measures put into effect as provided in the specifications. 

The provision that the height of lead blocks should not exceed 25 ft above 
adjacent blocks (Item 3) has for its purpose protection of the transverse 
faces of long exposed blocks from thermal shock because of rapidly falling 
air temperatures, which could rupture the young concrete. The interior 
concrete near the surface may be as warm as 75 F while the ambient air may 
be as low as 0 F. This condition is known to have c.used transverse faces of 
monoliths in some dams to crack in numerous places. 

The requirement that the transverse faces of all of such blocks be insulated 
if exposed longer than 30 days gives the same type of protection as that 
described above. In one case at the Detroit Dam it was necessary to extend 
one block above the adjacent block for about 1 year for construction reasons. 
At the end of that time, when the insulation was removed, no cracks could be 
seem—a good test for this provision. 

Steel forms required on the transverse faces of all blocks were beneficial 
in preventing initial concrete surface temperatures from rising appreciably 


above air temperatures. It is often desirable to strip these forms at an early 


age. If thick wood forms were allowed, the removal and exposure of warm 
concrete to cold air would overstress the young surface concrete and cause 
vertical cracking parallel with the axis. Such initial surfaces of weakness 
form loci of later ruptures of serious proportions. The use of thin steel forms 
allows the fresh conerete to be chilled or cooled near the surface (during cold 
weather) while plastic and when stripped it experiences no appreciable change 
or thermal shock. Cracks might not result in serious consequence; on the other 
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hand, increasing use of steel forms where optional indicates that this im- 
portant provision is not uneconomical. Particular care in many safeguards 
spells the difference between satisfactory and questionable results. 


The wide base of this dam covers a number of depressions in the foundation 
rock, one of which extended more than 60 ft below the normal base of the dam. 
Others were almost that deep. Before Detroit Dam was constructed the 
method of cooling aggregate and mixing water to obtain a definite placing 


temperature had not successfully been carried out on a large scale; therefore 
it was decided to use mechanical cooling in addition to the use of cooled aggre 
gate in the base of the deeper sections of the dam to insure satisfactory results 
This reduced the maximum temperature range of the concrete that filled 
these deep recesses so that the broad base of the dam would rest on a uniform 
layer which would not later cool and contract irregularly. 

Local cooling in this area was accomplished by circulating water at 38 F 
through embedded pipes. The pipe coils were placed parallel with the long 
axis of the dam, rather than normal to the axis as is sometimes done. This 
was intended to prevent any later leakage along the paths of the pipe where 
final cooling and shrinkage sometimes causes minute water passages to form. 
For the same reason the pipe coils were terminated several feet from the face of 
the dam. 

Mechanical cooling permitted normal rates of concrete placement in these 
restricted foundation areas and at the same time resulted in adequately 
cooled concrete in contact with the foundation rock. 


Mix proportioning 


At the dam site the river water has an average pH value of 7.77; there- 


; 
fore, there was no problem requiring corrosion-resisting cement. Natural 
sand and gravel in the vicinity were found to be mildly alkali reactive. Fine 
and coarse aggregates were therefore manufactured from a local diorite to 
eliminate the possibility of alkali expansion and for economic reasons. Favor- 
able results from freezing and thawing tests using the materials specified 
for the dam, indicated satisfactory durability. Density of the concrete is also 
satisfactory. 

In addition to standard provisions for aggregate the specifications for the 
fine fractions differed somewhat from usual mass concrete proportions. The 
amount of fines required in the trial mixes to produce a workable concrete 
was found to be in excess of the usual percentage. It was found that 13 
percent of minus-100 material, plus air entrainment, produced a workable 
mix with 0.6 bbl cement per cu yd as specified. This amount of fine material, 
some of which passed the 325 mesh, did not increase the water-cement ratio 
over that required by the coarser sand. The workability was greatly im- 
proved; in fact without more than the usual 6 percent of minus-100 material 
often specified for manufactured aggregate, the low cement content would 
not have been practicable. Resulting strengths were adequate, although with 
Type 1V cement the low placing temperatures caused strengths to develop 
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TABLE 3—MIX PROPORTIONS AND AVERAGE STRENGTH OF 
DETROIT DAM CONCRETE 


[tem Mass concrete Structural 
concrete 
Interior Face 
Maximum aggregate size, in 6 ) 3 
line aggregate, percent 26 31 
Cement, lb per eu yd 235 376 423 
Water, lb per cu yd 188 254 
Fine aggregate smaller than 100 mesh, percent 13 4 13 
Caleulated air content, percent by volume of concrete 
containing aggregate less than 14% in : 5 t$to 6 
Water-cement ratio, by weight 56 0.60 
Average compressive strength, psi 
Type II cement, 28 days 2830 
Type Il cement, 3 months $34 
Type IIT cement, 6 months 72 1640 
Type II cement, 1 year 
Type 1V cement, 28 days 
Type ‘ cement, 4 months 


cement, 6 months 
cement, | year 


slowly, requiring greater care in form anchoring and removal. ‘Table 3 gives 
some of the properties of this concrete. This table also distinguishes between 
the interior mass mix and the face mix. The amount of fines (minus-100) 
in the face mix was 13 percent, the same as for the interior. It was stated 
earlier that crushed material was utilized for this concrete. The rock sand 
manufactured by the rod mill produced an excess of fines, and it was therefore 


an economy to utilize the larger than usual amount of fine material. 


Beam tests of mass concrete 


Laboratory tests of Detroit Dam concrete in the form of unreinforced 
beams were conducted in which the deformation was measured at the time of 
failure by the use of Carlson strain meters embedded in the beams. The 
average deformation at failure of all beams thus tested was 76 &K 10°% Of 
these 27 beams, about half were fast loaded and the remainder by what was 
termed slow loading. Duration of the latter test, however, was an average 


of but 54 hr, which for the purpose of this treatise must be termed fast loading. 


These tests indicated that the extensibility of concrete containing Type II 


cement, at time of failure was slightly greater than that of the concrete con- 
taining Type IV cement. However, when compared on the basis of relation 
of deformations to stress at time of failure, the Type IV cement concrete 
indicated a deformation, or extensibility, 26 percent greater than that con- 
taining Type Il cement. Experimentally the coefficient of thermal expansion 
of concrete with Type Il cement was found to be 4.27 & 10°® per deg F and 
that with Type IV cement was 3.59 & 10° The instantaneous modulus of 
elasticity of the Type IV cement concrete was less than that of the concrete 
in which Type Il cement was used. Strains due to volume change resulting 
from reactions of mineral constituents of the aggregate, loss of moisture, 
loading conditions, and related causes will not be considered. 
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TEMPERATURE RECORD 


Type IV cement was used during the warm weather months, and Type I] 
cement was used from October 15 to April 15. In one dam monolith or block, 
these two cements were used alternately creating four zones throughout the 
height of more than 400 ft (Fig. 4). There will be no direct comparison of the 
merits of these two cements because (Fig. 2) lower placing temperatures 
prevailed in the cool months of the year when Type II cement was used 
The temperature within the mass was measured by 162 Carlson electrical 
resistance thermometers in the monolith at various depths and near the 
boundaries and in the interior of the mass. Some 41 thermometers were 
installed in another block or monolith. Readings at a central location were 
transposed to temperatures. These readings were at first taken at 24-hi 
intervals. Later as the concrete temperature became more nearly stabilized 
they were taken less frequently. More than 3 years after the first concrete 
was placed, readings in exposed zones were at l-week intervals and readings 
within the mass were at 50-day intervals. Embedded pipe cooling reduced 
the concrete temperature in Zone | and in the lower 20 ft of Zone 2. The rivet 


was diverted through a tunnel during construction which permitted the 
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Fig. 4—Zones adopted for temperature and strain analysis 
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uniform rate of concrete placing favorable to a slow rate of temperature rise 
and decline, always desirable in a large mass. 


Placing temperatures were generally maintained at 50 F maximum, al- 
though at the start of operations, before the plant was properly balanced 


and at one other time, mechanical difficulties caused placing temperatures 
to go as high as 56 F. The chart (Fig. 3) prepared to illustrate the periods 
and temperatures when cooling would be required proved to be a dependable 
guide. During the cooler seasons of the year, as the natural consequence 
of the methods of plant operations, placing temperatures ranged from 42 F 
to 50 F. Embedded pipe cooling of concrete in deep foundation irregularities 
and immediately above was successful using refrigerated water as a coolant. 
The temperatures at all thermometer stations within the mass (not including 
those near the surface) were averaged for each zone and single lines for each 
result were projected concurrently on a temperature-time scale (Fig. 5). 
There was less variation in the temperatures between thermometer stations 
in this case than is frequently experienced. This is believed to be due to the 
uniform limit on placing temperatures throughout the year. It is realized 
that averaging a number of temperature readings in a zone may seem to be 
oversimplification, but the thermometer station indicating the highest tem- 
peratures in the mass of the dam was found to be but 3 deg above the average 
temperature shown in N3, Fig. 5 (other zones similar). In the same way the 
temperature of one series of thermometers embedded in foundation rock, at 
variable distances below the rock surface, is indicated as a basis for discussion 
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Fig. 5—Temperature records of mass concrete in Zones 1, 2, 3, 4, and foundation 
rock, Detroit Dam 
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to follow (see N5, Fig. 5). Concurrent with the temperature drop of any part 


of the mass near the foundation, there will tend to develop a tensile strain 
in the concrete and ani accompanying compression in the rock. The converse 
of this is also true. 


FOUNDATION CONDITIONS 


It is believed that restraint of the foundation rock causes temperature 
strains at the base of the dam which are extended upward in the mass as later 
cooling takes place. If the temperature differentials are sufficiently low, the 
effect of this restraint is not objectionable. This comment refers to strains 
normal to the long axis of the dam, i.e., parallel with the flow of the river. 
If the base of dam were free to move with temperature changes there would 
be no problem of vertical ruptures forming parallel with the axis. The re- 
straint of the concrete mass itself may sometimes cause surface cracking due 
to early cooling and even cyclical changes may have the same effect. 

Since conditions at the base of a dam cannot be inspected (except during 
construction), the best approach to an analysis of conditions at and near 
the base must come from consideration of such basic data as temperature 
measurements and strain calculations resulting from accurately recorded 
temperatures. Importance of measured strains is not to be discounted but 
in the case of Detroit Dam strain meters were not installed. It is considered 
that dependable data as to the thermal coefficient of expansion of the concrete 
and accurate temperature measurements are of great importance in) com 
puting temperature strains. The temperature variations at the base of this 
dam are much Jess than in most large dams. The strain calculations will 
serve to substantiate an evident favorable condition resulting from small tem- 


perature differentials and the properties of the concrete. 


TEMPERATURE STRAINS ANALYZED 


It is not feasible to present a complete thermal stress analysis of this con 
crete. To do so would require the results of measured strains in the concrete 
and the foundation rock (such as may be obtained by use of Carlson strain 
meters), values for the modulus of elasticity, the coefficient of thermal ex 
pansion, and the creep characteristics of the concrete together with careful 
consideration of the amount of foundation restraint. These measurements 
were not all made. It is possible, however, to analyze the conditions in each 
zone by considering the volume strain resulting from temperature deforma 
tions and equating the results to the known ability of this concrete to resist 
being ruptured by the strains that have developed and which will result 
from ultimate cooling. The Tennessee Valley Authority has stated in this 
regard, “Many concretes will crack under tensile strains of 100 & 10°*% Rapid 
loading may, in certain cases, cause concrete to crack at 80 & 10°% while 
the same concrete may exhibit ultimate strains of 160 * 10°° if tension 
develops slowly.” 
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When previously considering the temperature differential that would be 
acceptable, a drop of 49 deg was rejected as excessive. By adopting the 
conditions shown by Curve D, Fig. 2, a maximum final temperature drop of 
40 deg could be expected. To compare with the TVA data mentioned above, 
strain for the assumed 30 F drop for Type II cement concrete was calculated 
as 128 &K 10° and for Type IV cement concrete, 107 K 10°®. Since the slow 
cooling in process at the base of the dam can certainly be classed as “de- 
veloping tension slowly,” these strains fall within the range indicated by the 
TVA statement. These data from the measured strains at Hiwassee Dam 
were not available at the time the Detroit plan was adopted. 

The Hiwassee Dam studies by the Tennessee Valley Authority state further: 
“It must be concluded that from measurements and at lower elevations in 
the gravity dam 100 percent restraint will take place, at least during early 
ages of the conerete.”” The condition at the base is of greatest importance 
due to danger of cracks forming at this boundary. Some investigators assume 
that restraint becomes zero at 0.51 above the base. Others have stated that 
at 0.51 restraint may be 10 percent to 30 percent. In the case of Detroit 
Dam the small temperature rise at the base tends to extend the limit of foun- 
dation restraint upward. It will be assumed, therefore, that the restraint 
as affecting computed tensile and compressive strains was (and is) as follows: 
at the base of the dam, Zone 1, 100 percent restraint; Zone 2, 0.10H above the 
base, 70 percent restraint; Zone 3, 0.25H above the base, 45 percent restraint; 
Zone 4, 0.60H above the base, 0 restraint (these values at bottom of zones). 
None of these restraint values is completely certain, but available data 
favor them strongly. 

tesults of many strain meter installations in dams, as stated by R. W. 
Carlson, indicate little or no induced compressive stress in the first two or 
three days of temperature rise in lean concrete. For Detroit Dam the con- 


trolled strain is assumed to be zero at the time of the first maximum tempera- 


ture which came at the age of about 3 days or less. Referring again to TVA 
data, “Norris Dam measurements indicated that as a first: approximation 
the stress might be assumed zero at the maximum temperature.” 

In the following pages temperature strains in each of the four zones of the 
Detroit Dam will be analyzed at the time of maximum and minimum tem- 
peratures. These computed strains will then be compared with the known 
strain resistance of the Detroit Dam concrete from which conclusions can be 
drawn as to the safety of the design from that standpoint. Other stresses 
will not be considered in this presentation. Fig. 5 and Table 4 show concrete 
temperature variations for the four zones as well as for the rock below dam 


base. 


Zone 1 

Type TV cemeat was used in Zone 1, first in the concrete filling the deep recesses in the 
rock at the base of the dam and later in the entire foundation of the monoliths in which in- 
struments were located and in other monoliths of equal depth. The rock was at a temperature 
approximating the placing temperature of the concrete. This is indicated by the temperature 
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TABLE 4—TEMPERATURE VARIATIONS WITH TIME 


Found 
lation 
rock 

l 


and history of N5 Fig ‘ The temperatures at ill thermometer stations 


in this zone were 


averaged to obtain these temperature curves. To assume zero strain at the first rise will 


be conservative, which means that computed tensile strains will be slightly on the high side 


Tensile strains were computed using simple assumptionsf for the first decline as shown by 


curve NI Neglecting creep and assuming 100 percent restraint, the first decline of 12 deg 


produced a tensile strain of 43 «* 10 As a result of laboratory beam tests deseribed above, 


Detroit Dam conerete is known to have an extensibility (to the point of breaking) of 76 & 10 
when loaded rapidly. Without making allowance for increased extensibility for slow loading, 


the computed factor of safety against ruptures forming at that age is approximately 1.75 


An assumption ol slow loading and wecompanying creep would greatly increase this factor ol 


safety. The second rise of 10 deg to a temperature of 59.3 F, only 9 deg above the yearly 


average air temperature, indicates a compressive strain of 46 * 10°°, almost equal to the 


initial tensile strain, resulting in a residual tensile strain of 7 * 10° at that time Follow 


ing this, the ultimate cooling now in progress, will again produce idditional tensile strains of 


not over 32 * 10° or an ultimate strain of 39 & 1O0-* 


A careful scrutiny of Fig. 5 discloses that not only did the rock temperature decline with the 
concrete temperature in Zone 1, but the rock temperature rose again with the second rise of the 


concrete during approximately the same elapsed time but not to as high a te mperature as the 


concrete. The rock temperature continued to rise during the first 114 years of the second 


decline of the concrete temperature at the end of which time the rock and the concrete tem 


peratures were about the same It might be argued that this condition was unfavorable, 


that the rock compressive strains should be added to the concrete tensile strain, or allowances 
made for compressive strain of the rock during the development of tensile strain in the Zone | 


concrete. If so, and if the rock strain was on about the same bas is the concrete, the sum of 


compressive strains in the rock and tensile strains in the concrete is about the same as strain 


resulting from a 9 deg temperature change, no more than has already been considered. Actually 


this means a tensile strain in the concrete deve loped by only a 4 deg drop in 14 year After 


this time when the roc ind the conerete temper itures are ibout equal rock | deg higher 


than the concrete) the decline in temperature for the next 3 irs Wi ly the same. At 


o is hnewr 


the end of that time the temperature of the rock and conerete (N1, N5 


5) was but 5 deg 


above the ultimate stable temperature At the present rate it will require over 8 years for the 


foundation rock and concrete in the massive base of the dam to reach the final stable tem 


perature together. This, like previous conclusions, is very favorable 
Conditions vary throughout the base of a large dam There may be some conditions to 


partially offset the apparently favorable strains, but what has been stated indicates that all 


the concrete at the base of the dam will have undergone such relatively minor temperature 


strains that the factor of safety against vertical ruptures forming at any time is approxi 

mately 2.0 and greater, which is unusually large for this condition. The prime objective 

in the design assumption was therefore achieved in maintaining close control in this zone 
tFor a lengthy statement about tensile strains resulting fror 
grown, H. E., Jr Portland-Pozzolan Cement 

Feb. 1937, Proc. V. 33, pp. 183-221. 


and 
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with the resulting tensile strain less than anticipated. It is considered important that the 
foundation of the dam, part natural rock and part concrete-filled recesses, should be thus 
sound and stable. 

These values being so small, a complete stress analysis is unnecessary. If surface rock 
temperature had been much lower when concrete operations began, the temperature rise of the 
rock would undoubtedly have followed the same pattern as that shown on Fig. 5. A lower rock 
temperature would have chilled the fresh concrete while in a plastic condition, which would 
have been favorable, unless in the freezing range. Due to the very small temperature defor- 
mation at the Detroit Dam the result would have been satisfactory for any reasonable rock 
temperature at the start of conerete placing. The temperature of the rock when concrete 
operations start should, however, always be considered with care to insure a satisfactory 
adjustment of the massive structure to its foundation. 


Zone 2 


Zone 2 concrete was placed during the cooler season and therefore Type IL cement was used 
As noted in Fig. 5, placing temperatures were well below the required 50 F, although it should 


be noted that design assumptions took this factor into account. Zone 2 is approximately 


0.10H above the base of the dam; therefore, the foundation restraint producing tensile strains 
was assumed to be 70 percent of that resulting from the product of the temperature change 
times the coefficient of expansion. Again assuming a no-strain condition at the first rapid 
rise that took place at 214 days, the first decline of 7 deg produced a tensile strain of 21 & 10>¢. 
On the same basis as in Zone 1, a factor of safety of 3.6 exists as far as danger of rupture is 
concerned, If conditions in this zone were considered to be modified by the effect of the zone 
below, it is probable that the actual tensile strain was less than that computed, thus increasing 
the factor of safety. The second rise of 22.7 deg introduced a compressive strain of 68 * 10°°, 
minus the existing tensile strain, or a resultant compressive strain of 47 & 10°-®, which at the 
present time is being relaxed by the slow final cooling through 17 deg. With the same assump- 
tions as before, this period of cooling will result in a final tensile strain of only 4 * 10°°. 


Concrete does not strictly obey the rules of elasticity, plastic flow, delayed action, and 
deformation. It may be considered, therefore, (not by the author) that as the second tem- 
perature rise to 67 F produced compressive forces, creep of the young concrete may have 
caused the volume change to nullify part of this induced elastic compressive strain, and that 
during the final cooling, now in progress, a larger tensile strain may be induced. If that be 
true, and if the accompanying probability of creep and tension during this cooling also be 
ignored, then the rise through 22.7 deg and the fall of 17 deg (assuming a 50 percent creep) 
cannot produce a tensile strain of more than 38 * 10°-°, which again yields a factor of safety 
of about 2.0. Ignoring the last remark, these minor temperature deformations will at no 
time result in tensile strains of more than 27 percent of the known extensibility of the Detroit 
lum concrete, even if rapidly loaded. If, as had been stated, slowly developed tensile strain 
is considered, the factor of safety against cracking in this zone is even more favorable. The 
fact that the temperature in Zone 2 was rising at the same time it was rising in Zone | was 
favorable, as was the fact that the lower 20 ft of Zone 2 was mechanically cooled to somewhat 
lower temperatures than the remainder, or the average, of Zone 2. If an accurate stress analysis 
was possible this condition would be very favorable as far as tensile stress is concerned 


Zone 3 


In Zone 3 Type IV cement was used. The concrete temperature rose to 67 F in 3 days 
There was a slight drop and again the temperature rose to approximately 86 F at an average 
age of 5 months. This was within the assumption of not over a 30 deg rise in 28 days, but in 
the analysis of strain conditions the total rise will be considered (rather than the rise that 
took place in 30 days). The higher than average temperature which occurred in this zone was 
caused partly by mechanical difficulties in the sand cooling equipment. Four thermometer 
stations placed in the 5-ft lift concerned (mechanical difficulties) raised the recorded average 
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temperature of the 13 thermometer stations in this zone by at least 3 deg, although due to 
the season of the year the placing temperature was 50 F. A conservative assumption as be 
fore will be adopted and strains computed for the drop of 2.2 deg followed by the rise to 86 F 
Again referring to the explanation of foundation restraint, the base of Zone 3 being approxi 
mately 0.25H above the base of the dam, the percentage of restraint will be assumed to be 
45. Since Type IV cement was used in this concrete, the computed tensile strain was 4 & 10°, 
followed by a compressive strain of 34 X 10-°, a resultant compressive strain of 30 * 10°-¢ 
The subsequent cooling, now more than half completed, will produce a computed tensile 
strain of 58 & 10-*, or a final resultant tensile strain of 28 K 10-6 This means a factor of 
safety of 2.7 considered as fast loading. To assume that this concrete will not rupture within 
the range of 160 & 10-® (according to TVA statements) a factor of safety in this respect of 
5.7 can be said to exist when final stable temperatures have been reached 


Zone 4 


The conditions of Zone 4 with Ty pe II cement, are of less importance than the other zones 
because temperature variations are less than in Zone 3, immediately below, and being near 
the top of a large cantilever, the strains would seem to be greatly reduced. It was stated 
under Zone 1 discussion that it was assumed that at 0.5// restraint ceased to develop tension 
The base of this zone being at approximately 0.6H above the base of the dam would appear 
to be unaffected by the restraint as far as tension is concerned. The first rise was completed 
in 2.5 days (compressive strain not considered), and the first decline of 3.4 deg took place in 
417 days which was followed by a rise of 29.5 deg. After this a final decline of 27 deg will take 
place somewhat more rapidly than in Zone 3 where the mass is greater and the rate of cooling 
therefore is slower. At the end of 1955 the temperature in this zone was but 2 deg above 
normal. While no foundation restraint exists at this level, the restraint of a large mass may 
develop tensile strain due to temperature changes. In this case these strains would be very 
small. The temperature decline in Zone 3 during the temperature rise in Zone 4 was so slight 
that the otherwise adverse effect can be ignored. The factor of safety against cracking in this 
zone is favorable. This condition was anticipated in the design assumption and the induced 
compression in Zone 4 may not be entirely relieved with final cooling except for the surface 


boundaries which will be discussed separately. 


Temperature gradients 


Interpretations of the results of the Carlson electrical thermometer began 
early in the life of the dam as soon as sufficient readings were available. Re- 
sults of these studies disclosed what undoubtedly contributed to the absence 
of cracks in the mass concrete. That was the slow rate of temperature decline 
which is desirable in the early ages when the concrete had not attained its full 
tensile strength. This was influenced by the favorable temperature gradient. 
The maximum rate of decline in any thermometer station was found to be 


1.2 deg per day in Zone 1 where the average for the zone was 0.3 deg per day 


during the first decline. In Zone 2 the maximum rate was 1.0 deg per day 
with an average of 0.26 deg per day during the first decline. In Zone 3 the 


average rate was 0.37 deg per day. In Zone 4 the average rate was 0.75 deg 
per day during the first decline in temperature. It is believed that these 
rates are exceptionally low as compared with other large dams. The tempera- 
ture gradient from interior to surface was correspondingly low, especially 


in the lower zone where it was not more than 1.0 deg per ft. 
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Surface boundaries 

Consideration of the permanently exposed concrete surfaces of the mass 
concrete deserves attention, although not of structural significance com- 
parable with the interior of the mass. The solar orientation of the structure 
is important since it has been shown that concrete as little as 1 in. below 
the surface may develop a temperature considerably above the ambient 
atmosphere of an average day. The Detroit Dam faces west; that is, the 
spillway and non-overflow faces slope downward toward the west and there- 
fore are in an intermediate position, receiving less than the maximum amount 
of solar heat. The interior stable temperatures of a large dam are not uni- 
form. Solar heat will be absorbed at the downstream face during warm 
weather and given off during colder weather. The average of four thermometer 
stations 6 in. below the surface of the concrete in Zones 1, 2 and 3 shows a 
maximum temperature range of 47 deg at an age of 6 months. This condition 
will improve as the interior of the mass cools, although before, or after, the 
interior has reached a stable temperature, an ambient air temperature of 0 F 
is possible at this location. In its Hiwassee Dam studies the TVA states that 
“in actual construction the effect of restraint of the surface is usually about 
50 percent, indicating that surface concrete may actually sustain as much 
as 60 F under favorable conditions.”” Measurements of strain at the Shasta 
Dam as published by the Bureau of Reclamation include the following: 
“While interior is increasing the exterior is developing tensile stress. Measure- 
ments parallel with surface at Shasta Dam, show that at 2 ft inside the surface, 
annual cyclical stress variations as high as 800 psi exist.””. These are com- 
pressive stresses. If a differential of 60 deg should occur at Detroit Dam 
and if 50 percent restraint is assumed, the computed tensile strain would be 
approximately 120 * 10°® without considering the effect of creep. While 
such a change can only occur in the colder seasons, a severe drop can come 
quickly and therefore more nearly represent rapid loading than otherwise; 
this precludes creep from greatly modifying results. As the dam cools, a 
slow transfer of compressive stresses tends to introduce vertical compressive 
forces in the downstream face which may or may not equal the tension that 
develops from temperature differentials. Tensile strains are of a triaxial 
nature and only those tending to act vertically would be opposed by load 
stress. Perhaps this is why some dams crack vertically on exposed faces as 
reported at the Vermunt Dam. There is therefore no assurance that surface 


cracking will not occur under the most unfavorable conditions at Detroit Dam. 


Such surface cracking was in evidence at some interior boundaries. In open 


adits and conduits in Zone 2, where cold winds were allowed to pass through 
these chimney-like openings during construction, temperature extremes were 
apparently greater than any recorded by thermometers. A few cracks in the 
order of 0.02 to 0.05 in. wide were observed. None are leaking. Cores taken 
in some of these cracks give an average depth of 4.3 ft. None of these cracks 
has any structural significance. 
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COST OF MASS CONCRETE CONTROL 


Cost of mass concrete control in this project was made a matter of engi 
neering study after the work had been largely completed. Rapid cooling of 
young concrete is to be avoided, especially if a temperature decline of as 
much as 30 deg must be considered. The maximum decline in the early life 
of the concrete in any of the zones was but 12 deg. It is not believed that any 
other method would have yielded equal results from the standpoint of favorable 
temperature differentials. 

The problem therefore resolved itself into the question, “Do results ob 
tained justify the costs and do results fulfill the designer’s expectations?” 

A careful estimate was made of the actual cost of cooling the Detroit Dam 
concrete by the method used, namely inundation of aggregates, cooling the 
sand, and using 38 F refrigerated water in the mix to obtain the required 
placing temperature of 50 F. This cost was found to be 56 cents per cu yd 
The additional cooling by embedded pipes at the base of the dam amounted 
to approximately 74 cents per cu yd for the concrete cooled by that means 
Since this meant double cooling for the concrete so treated the total cost of 
cooling by embedded pipes when prorated over the total dam volume a 
mounted to 7 cents per cu yd, or a total cost for all cooling of approximately 
63 cents per cu yd, about 4 percent of the total cost of mass concrete. It is 
considered that this is a satisfactory cost. The bid price for pipe cooling was 
approximately 74 cents per cu yd for the concrete cooled, and if applied to 
the whole dam might have been higher based on other similar cost data. 
So far as is known there were no delays or construction difficulties encountered 


because of the method chosen for mass concrete control. 


RESULTS REALIZED 


The ultimate test of a proper design of any structure is, “Have anticipated 
results been obtained? Do results agree with the designer’s concept in all 
909 


respects: The answer to these questions at the Detroit Dam has been 


highly satisfactory. Inspection in mid-1956, with the reservoir full, 3 years 


after completion disclosed no outside surface defects to be detected any place 


by use of binoculars. A report during construction indicated the presence of 
a horizontal crack in the downstream surface, but no indication of such a 
defect can now be seen. 

An inspection of all interior exposed surfaces discloses equally satisfactory 
conditions. Small surface cracks were reported previously in an adit, conduit, 
and valve chamber due to thermal shock during construction. These cracks 
cannot now be detected in all cases and those that can be seen are only 0.02 
to 0.04 in. wide and are not continuous. This was to be expected since they 
were shown to be surface cracks only and did not create zones of weakness 
therefore continued cooling has not caused any change in the surface appear 
ance. An adit close to the left abutment originally contained vertical cracks 
on the abutment side due to the thin concrete wall separating the adit from 
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the rock. Some leakage could be seen at one time. This condition has now 
corrected itself, the only remaining evidence being stained surfaces and the 
usual deposits on walls and floor to a limited extent, but the adit is now dry. 


KIlsewhere in the interior of the dam, surface cracking or crazing could 
be seen in a few limited areas. Repair work and construction changes in 
progress at the time of this inspection disclosed the condition of this concrete 
where the surface had been cut away to a depth of a few inches. The crazing 
or small pattern cracking when visible on the original surface could not be 
seen on adjoining areas where the concrete surface had been removed, thus 
indicating the shallow depth of the crazing. No leakage stains can be seen 
at any of these small areas. 


Leakage in the foundation area is not great. Many of the foundation 
drains, drilled into rock after foundation grouting, are leaking or have leaked 
slightly. One vertical drain placed in the contraction joint near the upstream 
face was leaking visibly. A small amount of seepage is coming from two 
of the contraction joints, no doubt due to improper connection of copper 
waterstop sections. Leakage through the mass concrete was formerly re- 
ported visible in five places. Now only one of these areas is leaking visibly. 
This condition indicates a small imperfection in the surface of the gallery at 
low elevation. No record exists as to any change from the norma] construc- 
tion but on viewing the conditions it appeared possible that one of the drains 
from the contraction joint had possibly been led into.the drainage gallery in- 
advertently and had later been removed, or partially removed, leaving a 
defect in the mass concrete, through which a very small flow of water was 
emerging from the mass concrete. The amount of water is of no moment; 
its presence does not detract from the otherwise satisfactory condition of 
the concrete. Another area at the lowest level of the drainage gallery was 
damp for a few feet on one wall with stains indicating former leakage, now 
healed. 


The report of this date indicates nothing that suggests deterioration of 
the concrete; in fact, all phases including the question of leakage, have im- 
proved during the three years since the last inspection was made. There 
was a certain amount of condensation, especially in the lower levels of the 
dam at the time of this inspection, which in some sections of the United States 
is a problem of maintenance. It was not difficult, however, to distinguish 
between dampness resulting from condensation as compared with other 
types of moisture inside the dam. The temperature inside the dam was at or 
below the mean annual, indicating a reduction in air temperature due to 
evaporation on concrete surfaces. With this assumption the temperature 
within the mass is in agreement with those measured by the thermometer 
installation. 


During the work of placing mass concrete, constant inspection of newly 


stripped surfaces of monoliths, where visible above adjoining monoliths, dis- 
closed no surface cracks at any time. Likewise all horizontal surfaces were 


? 
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carefully inspected after cleaning and before the next lift’ was placed, with 
no cracks visible at any of the more than 1200 lifts during the 40 months of 


concrete placing. 


SUMMARY 


The most important result of the concrete control measures adopted is 


the uniformly stable condition at the base of the dam. The concrete base and 
foundation rock have experienced only slight thermal differentials. The con- 
crete temperature rise did not equal the design assumptions in any zone. 
The maximum rise was 22 deg to a temperature of 72 F in the first 30 days. 
The analysis of thermal strain in the concrete indicates a substantial factor 
of safety in respect to the danger of structural ruptures forming at the base 
(or in any zone). It is not unreasonable to assume that the massive base and 
foundation rock supporting the dam, being in a near stable condition, served 
to prestress the zones above and insure the monolithic character throughout 
the dam, the proper objective of all design studies for large dams. 

The seasonal use of the two cements, each of limited heat liberation, the 
use of a low cement content in the mass concrete, precooling aggregate and 
mixing water, aided by mechanical cooling of some of the concrete, and the 
adoption of certain unique construction techniques produced the desired 
results without involving construction difficulties or excessive costs. 


Careful inspection of all surfaces as construction progressed disclosed no 
cracking on ends or surfaces of blocks. Some interior boundaries were subjected 
to thermal shock which resulted in a few shallow cracks. The density of the 
concrete as evidenced by lack of leakage throughout the mass is satisfactory. 
It is possible that downstream surfaces exposed to cyclical temperature 
changes may still be subject to cracking. This is not likely to be serious. 

It may be assumed by some that the results achieved go beyond that re- 
quired for “safe results.” This is a false assumption. Observations through 
many years indicate that the Detroit Dam type of mass concrete control has 
not been used successfully in many cases and that the engineer is often in- 
clined to “hope for the best,’”’ especially if he thinks that proper control will 


‘ 


‘cost money.” 


The economy of this method of concrete control was demonstrated by 
results. A total cooling cost of 63 cents per cu yd of mass concrete appears 
less than for any other known means which would have produced acceptable 
results. The satisfactory quality of the Detroit Dam concrete and its relative 
freedom from cracks may be attributed to careful planning in the design 
stage and to inclusion of an accurately prepared specification in the contract 
documents. All these provisions were faithfully carried out during the con- 
stantly changing conditions of construction. 
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of Significant Contributions in Foreign and Domestic Publications 


Construction 


Conoidal roof 


L. C. Howirt, Prefabrication (London), V. 4, No. 39, 
Jan. 1957, pp. 103-105 


Describes an English factory roof in which 
the typical bay is 30x 100 ft. 
bolstering trusses of 100-ft span carry pre- 


Prestressed 


stressed purlins at 6-ft centers, running from 
the top of each arch to the tie of the next 
arch producing a conoid shape. The 
covering on the purlins is a fiber material. 


roof 


Chimneys for Marina and Ringsend 
power stations 
James Dary, Bulletin, Institution of Civil Engineers 
of Ireland (Dublin), Transactions V. 83, No. 4, Apr. 
1957, pp. 89-112 

Describes the design and construction of 
two 250 ft high reinforced concrete chimneys. 
Includes details on structural design, pro- 
tective finish, description of grit collectors, 
specifications for materials and protective 
treatments used, and a bibliography con- 
taining 23 references. 


Skyscraper of reinforced concrete (Le 
gratte-ciel en béton armé) 
V. Exoscivent, Edition Dunod, Paris, 1056, 94 pp., 
1480 F 
Reviewed by ALExanpeR M. Tunrirzin 
A French translation of the Italian publi- 
cation entitled // 
Armato which first appeared in Genoa, Italy. 
Like The Reinforced Concrete Building, a pre- 
vious publication by the same author, the 


Grattacielo in Cemento 


purpose of this book is to outline design pro- 
cedure for a tall reinforced concrete building. 
After a brief discussion of the economics for 


erecting a tall building, and the presentation 


of several plans and layouts of office and 
apartment buildings, the author presents a 
complete analysis and design of a 12-story 
apartment house. 

Bending moments in columns and girders 
are determined by the method of Mario 
Baroni, and by the method of Hardy Cross. 
The values obtained from both methods are 
compared with each other. The author be- 
lieves that a practical height limit for a rein- 
forced concrete building is about 30 stories. 
Above that height, columns become so large 
as to occupy too much valuable space in the 
The book is 
clearly written, with numerous explanatory 


lower floors of the building. 


notes, sketches, and diagrams. It can well 
serve as a guide for a design of a tall rein- 
forced concrete building, and as such, prove a 
valuable addition to the library of a prac- 


tical engineer. 


Influence of hypotheses and methods 
in reinforced and prestressed concrete 
calculations (Influence des hypothéses 
et méthodes dans les calculs de béton 
armé et de béton précontraint) 


J. Banets, Annales de l'Inatitut T« > du Batiment 
et dea Travauz Publics (Supplement) (Paris), No. 106, 
Oct. 1956, pp. 857-874 


Reviewed by Enmunp A. Pratt 


Inadequacies of the elastic theory, errors 
resulting from the use of simplifying hypo- 
theses, influence of shrinkage, and variability 
of safety factors are considered. Limitations 
of the elastic theory as a basis of design for a 
material subject to plastic flow are pointed 
The effect of 
elasticity of concrete, and the effect of cracks 


out. creep on modulus of 


in concrete on the apparent modulus of 


elasticity of the steel, are discussed. An 


example is given of a continuous beam in 
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which the aggregate of these effects increases 
moment at midspan by 30 percent and re- 
duces the moment over supports by 14 per- 
cent. Assumption of a constant moment of 
inertia in the design of continuous structures 
is shown, in an example, to introduce errors 
sufficient to increase the midspan moment 
by 21 percent and decrease the moment over 
The effect of shrink- 
an example given in 
which shrinkage causes an increase in mid- 


supports by 12 percent. 
age is considered and 
span moment of 14 percent. Summing up 
these effects the author concludes that the 
resulting total increase in midspan moment 
may be 65 percent and the decrease in nega- 
tive moment 35 percent 

The variability of safety factors owing to 
lack of variable 
quality of materials and constructional opera- 


precision of calculations, 

tions, and varying relative proportions of 
- 

rhe 


theory of probability is employed to show the 


dead and live loadings, is discussed 


possible variations in average strength of test 
specimens when a small number of specimens 
is involved, under assumed chances (99 in 
100) of the test results being truly repre- 
sentative. Normal (Gaussian) frequency 
distribution of concrete compression test re- 
sults is assumed and it is stated that a normal 
distribution of 


frequency elongations of 


identically stressed cables in prestressed 
concrete girders was also found from a study 
of 2700 test results. 


efficient of 


For elongations the co- 
variation (standard deviation 
divided by mean) ranged from 4 percent to 
10 percent, but was comparatively constant 
for any one job 

The author concludes that mathematical 
theories alone are insufficient for adequate 
design of reinforced concrete, which in a 
measure adapts itself to load conditions, and 
that at present such design is an art rather 
than a science, Paper is followed by a dis- 


cussion 


Virtual work and the moment distri- 
bution method 


B. G. Neat, Engineering (London), V 
Jan. 11, 1957, pp. 47-50 
Reviewed by Anon L. Mirsky 


183, No. 4740, 


Equilibrium equations required for analysis 
of sway are derived from geometry of sway 
movements by use of principle of virtual 
work. A one-span gable-type portal frame is 
used as a worked example. 
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Materials 


Use of fly ash and similar materials in 
concrete 
Anaus A 


ceedings, 
Part I 


Fuvron and Wittiam T 
Institution of Civil Engineers (London) 
5, No. 6, Nov. 1956, pp. 714-730 

Reviewed by Arnon L. Minsky 


Marsnay, Pro- 


North of Scotland Hydro-Electric Board 
was interested in the use of fly ash to con- 
serve cement, provided resulting concrete 
was impermeable, in view of aggressive char- 
Scottish Besides 


pages of tabulated test results of concrete con- 


acter of waters. several 
taining fly ash, paper reviews examples of use 
of such conerete in Canada and the United 
States. Conclusion: replacement of up to 
20 percent of cement by fly ash is permissible, 
provided concrete is not required to with- 
stand its working load until some time after 
placing 


Thermal coefficient of expansion of 
concrete aggregates 
Wituiam Lercu, AS7T'M Bulletin, No, 219, Jan. 1957 
pp. 36-40 

A report by Subcommittee III-b on Meth- 
ods of Testing for Volume Change of Con- 
and Aggregates of ASTM 
Committee Concrete and Concrete 
Aggregates 
on various typical concrete aggregates of a 
method of measuring 
dilation due to thermal changes for the de- 


Concrete 
C-9 on 


Describes and discusses results 


crete 


dilatometer cubical 
termination of a mean thermal coefficient of 
expansion of both fine and coarse aggregates 
Test 
appendix, 


method is completely deseribed in 


Some notes on hydrophobic or water- 
proofed cement 
Civil Engineering and Public Works Review (London) 


52, No, 609, Mar. 1957, pp. 330-331 


A hydrophobic cement consisting of port- 
land cement to which an additive has been in- 
troduced, giving the grains a protective cov- 
ering which inhibits hydration in the absence 
of mechanical abrasion, is claimed to possess 
greatly improved stability even when stored 
under damp conditions. When subjected to 
abrasion, as in the ordinary concrete mixing 
film 
particles breaks down and the 


process, protective over the cement 


hydration 


process pre weeds nor mally 
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Precast Concrete 


New trends in the industrialization of 
building (Tendences nouvelles de 
Vindustrialisation du batiment) 


JeaAN Meunier, Annales de l'Institut Technique du 
Batiment et des Travaux Publics (Supplement) (Paris 
No. 107, Nov. 1956 pp. 962-976 

Reviewed by Epmunp A 


Marie 


precast 


Pratt 


Describes the process of 


Roger 


manufacturing hollow lightweight 
concrete panels and slabs for walls, partitions, 
floors, and ceilings. Pozzolan concrete is em- 
ployed and surface coatings of plaster, ce- 
ment mortar, or thin (about \% in.) tiles are 


applied at the time of casting. Tapered 


tubular forms are employed to produce 


cavities the width of the panel, into which 
steam is introduced at atmospheric pressure 
for curing, the panel being at the same time 
placed in a steam oven (atmospheric pressure ) 
and tilted to a 30 deg angle to drain off the 
condensate. Casting and finishing processes 
and assembly line equipment are described, 
and the thermal properties of the product 


discussed, 


Precast concrete comes of age 


J. J. PorivKa, Consulting Engineer, V. 9, No. 1, Jan 
1957, pp. 58-63 


Reviewed by Anon L. Minsky 


Major portion of article reviews American 


precast concrete structures constructed in the 


1O0-odd 
More recent structures, including 


second decade of this century, some 
years ago 
the proposed Polivka-Wright design for the 
second Transbay Crossing in San Francisco, 


the “Butterfly Wing 
briefly noted at the end 


bridge, are much more 


Precast frame for suburban post office 


Constructional Review (Sydney), V. 30, No, 2, Feb 


1957, pp. 23, 35 


The 


standardized a 


Australian postal department has 


precast concrete trame for 


suburban post offices which are to have 
areas of 4000 sq It, and two-story roof levels, 
providing clerestory lighting to the center of 
the building Reusable forms were em 
ployed for the precast frame so that the plan 
could be reproduced in several localities where 
there is a backlog of need for small new post 


offices 
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Lightweight masonry units (in Dutch) 


In. J. Srecuinowerrr, Cement (Amsterdam), V. 8 
No. 13-14, Feb. 1956, pp. 305-310 


Reviewed by Joun W. T. Van Enp 


Only a few years ago concrete Masonry 
units were rarely used instead of brick. Now, 
however, lightweight units are 
Netherlands for wall and floor 
units, mainly due to the acute shortage of 


brick, 


used 


increasing|y 
used in the 
materials 


lumber, ete Among the 


cement, sand and coarse aggregates, 
the last needs most care in testing and in- 
spection due to its varying properties Slag 
as an aggregate has been «a source of many 
troubles; it often needs preliminary chemical 


treatment like some other materials. A set 
of specifications and standards has been set 
up for these units cooperatively by the build 
ing departments of the biggest cities. It in 


cludes limits for permissible shrinkage 


Technical school at Amsterdam 

(Christelijk Technische school te A.) 

C. De Geus and J. B. Incenwesen, Cement (Amster 

dam), V. 8, No. 19-20, Aug. 1956, pp. 449-457 
Reviewed by Joun W. T. Van Enp 


This building is particularly remarkable 
through its almost exclusive use of prefabri 
cated concrete parts, and presents a striking 
modern architectural aspect. The building is 
designed on a module of 3.50 m determined 
Concrete as used meets 


Most 


concrete has received no additional 


by use requirements 


very rigid specifications interior and 


exterior 
finish and is left as is after stripping forme 


Some of the prefabricated shockerete ele 


ments used are: stair treads, stringers and 


monolithic window frames 
thin sandblasted slabs 


frame by 


hand railing; 


facade revetment of 


fixed to the concrete means ol 
bronze inserts and bolts; and window and door 
sills. Some decorative panels in the hallways 
are made by applying templates on the in 
sides of the forms, thereby producing orna 


ment recessed in the concrete 


Precast reinforced concrete grain silos 
(Silos a blé) 


C. Resena, La Technique Moderne Construction 
V. 11, No. 5, May 1956, pp. 157-160 
Reviewed by ALexanpen M. Tunrrz 


Paris 


Novel type of construction for reinforced 
concrete grain silos of large eapacity has been 


tried in Algiers. The project comprised six 
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silos 18 m in diameter and 37 m high. Each 
silo was subdivided by vertical walls into 12 
triangular sections, with interior walls radiat- 
ing from the center of the silo and exterior 
walls forming the straight lines of a polygon 
inscribed within the circle of 18 m diameter. 
The center of the silo consisted of a precast 
vertical cylindrical shaft. The vertical walls 
were made up of precast panels 1 m high and 
varying in thickness from 8 to 14cm. The 
size being determined by the carrying capac- 
ity of cranes. The vertical intersections of 
walls along the exterior perimeter of the silo, 
and those along the circumference of interior 
shaft, were made of cast-in-place concrete, 
and well keyed into each other by reinforcing 
steel. 

Particular attention was given to water- 
tightness of joints. A bitumen-impregnated 
cord, 18 mm diameter, was placed at the 
center of all horizontal joints of exterior walls. 
All exterior sides of joints were caulked with 
mastic, and all interior sides of joints were 
pointed up. 

Compared with the conventional silo con- 
struction, this type of design effected consi- 
derable saving in cost. However, it was felt 
that thorough planning of precasting and 
erection operations, plus rigid field super- 
vision, were largely responsible for the saving. 


Concrete paving blocks (Betonnen 
straatsteenen) 
A. A. VAN per Viis7, Cement (Amsterdam), V. 8, No. 
19-20, Aug. 1956, pp. 461-468 
Reviewed by Joun W. T. Van Enp 

Production of these blocks is increasing 
rapidly in a country where brick is exten- 
sively used as a paving material. Some ad- 
vantages of concrete paving blocks are: uni- 
form and accurate dimensions; possibility of 
intricate shapes, for instance, for interlocking 
paving patterns; possibility of many different 
colors for traffic markers, ete., and great re- 
sistance to abrasion, maintaining anti-slip 
qualities longer than brick pavement. 

The Ministry 
lished preliminary standards, 


of Transport has estab- 
The concrete 
blocks are preferably laid on sand bed which 
has been compacted by vibration. Installa- 
tion specifications depend on existing soil 
conditions. 
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Pier sections cast and set with im- 
proved techniques 
Contractors and Engineers, V. 54, No. 4, Apr. 1957, pp. 
58-61 

Precasting was utilized for bridge piers 
for a bridge over the Columbia River at 
Portland, Ore. Bases, bell bottoms, and pier 
shafts were precast in sections which weighed 
up to 70 tons. 
set and filled to make each pier a solid mass. 


Prefabricated sections were 


Precast corrugated concrete roofs 
Concrete and Constructional Engineering (London), V. 
52, No. 2, Feb. 1957, pp. 79-81 

Describes a method of constructing precast 
multiple barrel thin-shell concrete roofs. The 
method is similar to that offered in the United 
States by the Vacuum Concrete Corp. except 
that mechanical handling equipment is used. 
Completed assembly, however, is designed as 
a two- or three-hinged arch, rather than as a 


shell. 


Properties of Concrete 


Heat flow in the steam curing of con- 
crete products 
ALLAN Dawson Rosas, Proceedings, Institution of Civil 
Engineers (London), Part I, V. 5, No. 6, Nov. 1956, 
pp. 695-702 
Reviewed by Arnon L. Minsky 

Beneficial effect of steam curing is shown 
to be a function of size of product treated: 
integral of temperature and time for a given 
mode of treatment increases somewhat with 
increase in size. In a complete cycle of steam 
curing, with uniform cooling to original tem- 
peratures, large blocks attain a somewhat 
greater maturity than small test cubes, and 
latter are therefore representative of the 
products. Effect of heat of hydration of 
ordinary portland cement is of secondary 
importance. 


Gas and foam concrete (Gas en 
schuimbeton) 
J. J. Smeeie, Cement (Amaterdam), V. 8, No. 19-20, 
Aug. 1956, pp. 487-489 
Reviewed by Joun W. T. Van Erp 
Describes the research program carried out 
by the German Reinforced Concrete Insti- 
tute, mainly on behavior of reinforcing steel, 
such as its bond and slip values and corrosion 


protection, in lightweight concretes. Also re- 
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search on effect of 
finished product. 


volume of 
Concretes with high ce- 
ment contents were found to show greatest 
amount of shrinkage during hardening, while 
concretes with little cement and some lime 
showed smallest amount of shrinkage 


moisture on 


Com- 
pressive strength was investigated for various 
sizes of aggregate, also for concrete made by 
the intrusion method, where aggregates in- 
This 


last method proved to be economical as to 


cluding very large boulders were used. 


cement use, at the same time producing con- 
crete of considerable compressive strength. 


No-fines concrete as a structural ma- 
terial 

Ronatp H. Macrntosn, Joun D. Boiron, and Coun 
H. D. Murr, Proceedings, Institution of Civil Engi- 


neers (London), Part IJ, V. 5, 
677-694 


No. 6, Nov. 1956, pp. 
Reviewed by Aron L. Minsky 


No-fines or cellular concrete, a direct re- 
sult of lack of certain material (face brick, 
etc.) and of superabundance of other material 
(brick rubble) in some portions of Europe, 
is an excellent illustration of the familial 
relationship of necessity and invention. Paper 
discusses its advantages and disadvantages, 
its effect on structural design, its preparation, 
placing, and protection from the elements, 
and its effect on building methods, as com- 
pared to traditional method. Data cited are 


primarily from construction of two- and 


three-story houses in Scotland. 


General 


Some civil engineering aspects of 
atomic power generation 
Ian Davipson, Proceedings, Institution of Civil En 
gineers (London), Part I, V. 5, No. 6, Nov. 1956, pp. 
703-713 
Reviewed by Arnon L. Minaxy 
Of primary interest to the structural engi- 
neer are the concrete foundation slab, roof 
slab, and biological shield walls. Economics 
and structural design of last are stressed, 
Paper also discusses, briefly, theory of 
shielding of graphite-moderated, gas-cooled 


reactors, erection procedures, and site layout 


Spherical gasometers of concrete (in 
Dutch) 
H.W.F.C. 
19-20 


Heman, Cement (Amsterdam), V. 
Aug. 1956, pp. 458-460 
Reviewed by Joun W 


8, No 
T. Van Ene 


Illuminating gas is stored in a completely 
spherical concrete shell Above and around 
the sphere water is stored for displacement 
of the gas while it is being consumed. <Ad- 
vantages claimed for this system are: 

1. Interior of the tank is entirely sur 
rounded by the water storage tank and there- 
fore kept at 
winter and summer 


2. No moving parts except the water. 


a nearly constant temperature 


3. Low maintenance costs. 
1. Good blast 


bullet proofness of the concrete sphere. 


resistance, also reasonable 


5. Fireproofness 


PERIODICALS REGULARLY SCANNED FOR REVIEWS 


The many requests for information concerning the source material of reviews appearing in 
the “Current Reviews’’ section indicate the desirabillty of publishing a list of those periodi 
cals, bulletins, and proceedings being scanned regularly for articles dealing with the field of 


concrete. 


If all miscellaneous magazines, bulletins, reports, and books were included (which 


are reviewed only as they come to the attention of the voluntary reviewers or editors) the 
following list would cover well over 200 periodicals and/or publishing, educational, and research 


organizations. 


The following list includes publishers’ addresses for convenience should cor- 


respondence with them be desired, since copies of articles or books reviewed in the JouRNAL 


are not available through ACI. 
publishers 


American Ceramic Society Bulletin—Ameri- 
can Ceramic Society, 4055 North High St., 
Columbus 14, Ohio 

AREA Bulletin—American Railway Engi- 

neering Association, 59 East Van Buren 


St., ( thicago, Ill. 


In most cases they can be obtained directly from the original 


ASTM Bulletin—-American Society for Test- 
ing Materials, 1916 Race St., Philadelphia 
3, Pa 

Annales de L’ Institut Technique du Batiment 
et des Travaux Publics —L'Institut Tech 
nique du Batiment et des Travaux Pub- 
lics, 6 Rue Paul Valéry, Paris 16e, France 
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Commission 
des Annales A l’Becole Nationale des Ponts 
et Chaussées, 28 Rue des Saints-Péres, 


Annales des Ponts ef Chaussees 


Paris 7e, France 

American So- 
ciety of Mechanical Engineers, 20 West 
39th St., New York 18, N. Y. 

Architectural Forum—Time & Life Bldg., 9 
Rockefeller Plaza, New York 20, N. Y. 

Architectural Record—-119 West 40th St., New 
York 18, N. Y. 


Australian Journal of Applied Science 


Applied Mechanics Reviews 


Com- 
Industrial Re- 
search Organization, 314 Albert St., I 
Melbourne, C 2, Victoria, Australia 
Reichpietschufer 20, Ber- 
lin, W 35, Germany 


monwealth Scientific and 


Bauingenieur, Der 
Bauplanung Bautechnik—Unter den Linden 
12, Berlin NW 7, Germany 

Hospitalstrasse 12, Stutt- 
gart N, Germany 


Bauzeitung, Die 


Betongen Idag——Norsk Cementforening, Mun- 


kedamasveien 3b, Oslo, Norway 


Betonstein-Zeitung Kleine Wilhelmstrasse 7, 
Wiesbaden, Germany 

Beton-T eknik 
penhagen V, Denmark 

Beton- Stahlbetonbau —Hohenzollern- 
damm 169, Berlin-Wilmersdorf, Germany 

British Engineer, The—32 
Southwark Bridge Road, London, SE 1, 
England 


Christians Brygge 28, Co- 


und 


Constructional 


Building Research Reports, Danish National 
Institule of Building Danish 
National Institute of Building Research, 
20 Borgergade, Copenhagen K, Denmark 

Station 

Station, 
Herts, England 

Bulletin, Centre d’ Etudes et de 
UIndustrie des Liants 

d'Etudes et de Recherches de 

Industrie des Liants Hydrauliques, 197 


Research 


Building Research Digest 


Garston, 


Building 
Research Watford, 
Recherches de 
H ydrauliques 
Centre 


Boulevard Saint-Germain, Paris 7e, France 
Bulletin de la 
d’Essais et de 


leriaux el les Constructions 


Laboratoires 
Ma- 


Reunion des 


Reunion des 


Recherches sur les 


Laboratories d’ Essais et de Recherches sur 
les Materiaux et les Constructions, 12 Rue 
Brancion, Paris l5e, France 

Bulletin of the Faculty of Engineering, Cairo 


University Cairo University, Giza, Egypt 
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Bulletin of the Highway Research Board 
Highway Research Board, 2101 Constitu- 
tion Ave., Washington 25, D. C. 

Bulletin of the Institution of Civil Engineers of 
Treland—Institution of Civil Engineers of 
Ireland, 35 Dawson St., Dublin, Lreland 

Bulletin del Instituto 


struccion Y 


Tecnico de la Con- 
Instituto Téc- 


nico de la Construccién y del Cemento del 


del Cemento 


Patronato Juan de la Cierva de Investi- 
gacion Técnica, Apartado de Correos No 
2, Costillares, Chamartin, Spain, and 
Apartado de Correos No. 19,002, Madrid, 
Spain 

Bulletin of the lowa Engineering Experiment 
Station Engineering Experiment 
Station, lowa State College, Ames, Iowa 

Bulletin of the University of Illinois Engineer- 
ing Experiment 


lowa 


Station University — ol 
Illinois Engineering Experiment Station, 
106 Engineering Hall, Urbana, Ill 

Cahiers du Centre Scientifique et Technique du 
Batiment Scientifique et Tech- 
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Discussion of a paper by Thomas Cholnoky: 


Prestressed Concrete Pavement for Airfields’ 


By L. A. PALMERT 


The study of possibilities for economical design by prestressing concrete 
pavements is timely. The excellent report by Mr. Cholnoky is a clear and 
brief description of the progress of this study. The use of concrete in certain 
critical areas of Navy airfields is a “must.”’ Critical areas include all paved 
sections of runways, taxiways, warm-up aprons, and parking areas that are 
exposed to the hot blasts of jet aircraft. Heat and blast create the only serious 
problem. Fuel spillage tends to be a problem of minor importance and may be 
solved to a great extent by “‘good housekeeping.” 


The prestress investigation is a part of the general study sponsored and 
conducted by the Bureau of Yards and Docks in its search for suitable and 
economical materials and design procedures that can meet the new require- 
ments of planes of the future. The likelihood that future designs of military 
aircraft may punish pavements to a far greater extent than those now in 
operation is sufficient to warrant this research. The general investigation 
by this Bureau includes a search for concrete aggregates which will impart 
to the concrete such properties as low thermal expansivity and low thermal 
conduction without serious sacrifice of strength in flexure. In this, consider 
able progress has been made and it is indicated that these desirable properties 
can be realized with those types of portland cement now normally used in the 
construction of concrete pavement not subjected to jet plane traffic. 


One main consideration in this general study is the cost of immobilizing a 
runway or possibly even an entire airfield to repair the damage to the pave- 
ment by modern military aircraft. The interruption of training schedules, 
incident to such maintenance, tends to be much more costly to the nation 
than the relatively minor cost of materials and labor. In time of war the 
cost of such immobilization would be inestimable. ‘This fact must be appre- 
ciated and thoroughly borne in mind. 


It should be possible to eliminate all joints, except construction joints, by 
post-tensioning or prestressing the concrete pavements in the critical areas. 
The elimination of joints to this extent would indeed be a great advance. 
Where jets operate, a joint is the “Achilles heel” in concrete pavement. The 


actual cost of prestressing diminishes in importance as a factor when one con- 


*ACI Jounnat, July 1956, Proc. V. 53, p. 59. Dise. 53-3 is a part of copyrighted JoumnaL or THE AMERICAN 
Concrete Inerirure, V. 28, No. 12, June 1957, Proceedings V. 53. 
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siders the cost of time out for repairs of a “hot” runway. Such a runway 
tends to be a potential modern military weapon and is like the deck of a 
carrier. 

Cracks are as vulnerable as joints unless they are restrained from opening. 
With well selected coarse aggregate and with the slab held in compression by 
prestressing there is almost perfect load transfer and no need to seal the cracks. 
Such cracks relieve tension in the lower fiber of the slab when there is warping 
due to heating of the upper surface. 

The reduction in slab thickness made possible by prestressing tends to 
greater flexibility and thereby less vulnerability to fatigue due to load repeti- 
tion. Flexibility and continuity and permanency of adequate subbase sup- 
port should go far toward reducing the effect of fatigue. A good subbase is 
not a luxury. There is no procedure, either rational or empirical, for designing 


, 


concrete pavement which must have “mushroom” support. Furthermore, the 
friction coefficient of slab on subbase should be controllable within certain 
limits. Its reduction should be made a separate subject for research and the 
results of such a study may be tied in with the economics of prestressing. 

The load capacity of the 7 in. thick post-tensioned slab described by the 
author has exceeded all expectations. According to Westergaard theory the 
slab should have failed in bending under the 200-kip load; in fact, it should 
have failed at a much lesser load. The data indicate that the measured de- 


flections are in agreement with those computed from the Westergaard theory 
but the curvatures of the deflection curves definitely are not. Since the 


Westergaard theory assumes no condition of prestressing it would seem wrong 
to consider that the compression under prestressing is equivalent to added 
strength in flexure. This writer suggests that in a rational analysis, the 
approach might be that the prestressing should be considered as applied 
external load. The condition is similar to that existing in a triaxial test 
whereby the shearing stress of a cylindrical sample of clay or of stone is greatly 
increased by a chamber (lateral) pressure, normal to the applied axial load. 
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Discussion of a paper by S. J. Chamberlin: 


Spacing of Reinforcement in Beams’ 


By PHIL M. FERGUSON and J. NEILS THOMPSON}? 


Professor Chamberlin’s careful study is not only significant for what it tells 
about bar spacing but also because of what it implies about the inadequacy of 
present bond specifications. The data clearly indicate that few reinforcing 
bars in actual beams are so placed that their adequacy in bond can be safely 
evaluated on the basis of the present ACI Building Code. 

This discussion attempts: (1) to evaluate the reported bond values in terms 
of the ACI Building Code allowable and to point out the weakness in the 
present allowable; (2) to indicate the need for further research on bond; (3) 
to point out how some of these data agree with results from eccentric pullout 
specimens and beams already reported; and (4) to explain the probable 
reason for differences between these results and those of the “shallow bead”’ 
specimens, 

Professor Chamberlin reports 53 lines of data in Table 3, many of these lines 
representing average values for three companion specimens. This was a 
careful investigation, with a broad range of variables, different embedments, 
different bar spacings, and different concrete strengths. 

For a discussion of bond strength of modern deformed bars, 22 lines of data 
must be excluded: 


Four lines of Series If devoted to plain bars 

Five lines of Series I where old-type deformed bars are reported 
Five lines in Series IIT and IV representing tension failures 

Might lines of Series III representing bar embedments of only 3-in 


Although the 3-in. embedment is important in completing the research pic 
ture it does not represent a practical condition. There remain 31 lines of 
pertinent data which may logically be compared with the allowable bond 
stress of 350 psi permitted by the ACL Building Code for a concrete strength 
of 3500 psi or more. 

Against a failure as troublesome and as tricky as bond failure, a factor of 
safety of 2.5 seems most desirable. Only two lines of data for higher strength 
concrete meet this test satisfactorily (and one of the tension failure lines 
possibly should also be included) compared to 29 lines showing a lower factor 
o: safety: 

*ACI Journat, July 1956, Proc. V. 53, p. 113. Dise, 53-6 is @ part of copyrighted Jounnat 
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Factor of Safety 
ee 
Less than 2.5 More than 2.5 


4 for 3680-psi concrete 0 for 3680-psi concrete 
22 for 4500-psi concrete 1 for 4470-psi concrete 
5 for 5870-psi concrete 1 for 5870-psi concrete 


Some engineers might be satisfied with a factor of safety of 2.0, but 25 of 
these 31 lines show data not meeting this requirement, including: 4 for 3680- 
psi concrete; 18 for 4500-psi concrete; and 3 for 5870-psi concrete. 

It is hoped that no one would accept a factor of safety for bond as low as 
1.5, but half of these 31 lines of data fail to provide even this skimpy factor: 
2 for 3680-psi concrete; 13 for 4500-psi concrete; and 1 for 5870-psi concrete. 

It must be concluded that Professor Chamberlin’s data provide no justifi- 
cation for a 350-psi working stress for bond. Are his data valid in this connec- 
tion? Some might argue that a 4-in. clear bar spacing is prohibited under 
the Code, as it is. However, a 1-in. clear spacing would be permitted with a 
#8 bar, which gives the same one-diameter clear spacing. Those who have 
made bond tests on bars will probably agree that, if any difference exists in 
bond action of a #4 bar as compared to a #8 bar, the #4 bar will perform 
more favorably. ‘To these discussors Professor Chamberlin’s tests appear to 
be entirely valid, although his bond values appear somewhat high for normal 
conditions, as noted later. 

As pointed out elsewhere,' bond and diagonal tension strength are closely re- 
lated. If this were not so, these low bond strengths would be alarming. Under 
our present Code, where the present high allowable bond stress might seem to 
permit too small a beam, the allowable shear stress usually controls the beam 
size. The shear stress thus requires a beam large enough to reduce the actual 
bond stress to a value more in line with these test values. 

These discussors are entirely in agreement with Professor Chamberlin’s 
statement that bond failure of deformed bars in a beam is not a matter of 
splitting alone but a combination of shear and splitting. It is entirely possible 
that in some cases the shear (diagonal tension) may be the critical element 
with the splitting more of an aggravating mechanism than a primary cause. 
Certainly the correlations between bond stress, bar spacing, and shear strength 
which were reported earlier! seem to be too definite to be accidental. 

More research is clearly justified and required to put bond specifications on a 
sound basis. Such a basis is impossible unless a clear distinction can be drawn 
between (1) what might be called the potential bond strength as measured in 
confined concrete and (2) the bond strength in structural members which are 
subject to complications of splitting and diagonal tension. Unfortunately 
the major research to date has been on bond strength in confined concrete 
and such is the chief basis of the present ACI Code. The result is an allowable 
bond stress which is safe in mass concrete and in spiral columns and probably 
in some other undefined situations; but this bond stress is definitely unsafe 
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for splices.? Professor Chamberlin’s tests seem to indicate that lower allow- 
able bond stresses are also necessary to protect the safety of most structural 
beams. This conclusion might also be drawn from tests reported! from the 
University of Texas. 

It is pleasing to these discussors to note that on the comparable “deep bead”’ 
specimens Professor Chamberlin’s results check closely with the University 
of Texas data. Only six of these deep bead specimens are reported. These 
six values of bond have been plotted in Fig. A alongside the University of 
Texas curve. Considering the difference in specimens, the agreement is un- 
expectedly close; only one of the six points is significantly different. Why the 
24-diameter embedment gives bond values larger than a 12-diameter em- 
bedment is not clear, but the difference is small. The University of Texas 
curve is based on a 12-diameter embedment. 

In the author’s Fig. 17, part of this same curve is shown as a dotted line and 
values from the author’s shallow bead specimens are plotted for comparison. 
In general the author’s values are higher for a given bar spacing, but the 
order of magnitude is the same. Either curve would adequately support the 
conclusion that lower allowable bond stresses are needed for general usage. 

To these discussors the lower dotted curve in Fig. 17, which they originated, 
still appears to be the more representative of actual beam conditions, for the 
reasons which follow. Their curve originated from sections more like those 
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Fig. A—Comparison of Chamberlin’s results for “deep bead” beams with University 
of Texas eccentric pullout curve 
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(a) (b) (Cc) (d) 


Fig. B—(a) Chamberlin's “shallow bead” beam; (b) Chamberlin's “deep bead” 
beam; (c) and (d) University of Texas eccentric pullout specimens 


designated by Professor Chamberlin as deep bead beams as shown in Fig. B(b), 
that is, the bars were always placed entirely clear of any enlarged section, as 
shown in Fig. B(c) and (d). In the author’s shallow bead specimens the bar 
was centered at the face of the enlarged section as shown in Fig. B(a). Since 
in a typical beam the critical or weakest section lies above the middle of the 
bar, the shallow bead specimen of Fig. B(a) is reinforced in width at this 
critical section. Possibly this statement needs some further explanation. 

It is assumed that failure results from a combination of splitting due to bond 
and of horizontal shear on the concrete between the bars. The splitting stress 
is maximum on the axis of the bar, but it is large anywhere in that vicinity. 
Horizontal shear is also large on this minimum section between the bars but 
the maximum unit shear occurs substantially above that plane. For a clear 
spacing of one bar diameter, D, the maximum unit shear plane lies approxi- 
mately D/4 above the minimum throat section and this unit shear is about 
18 percent larger than at the minimum section. For a clear spacing of 2D, 
the maximum shear is just below the top of bar and is about 33 percent 
larger. For a clear spacing of 3), the maximum shear is at the top of bar and 
50 percent larger. It thus seems certain that the maximum tension due to 
combined splitting and shear typically lies well above the minimum throat 
section at a plane where the entire width of the shallow bead specimens of 
Fig. B(a) provides added resistance. Hence such a specimen will be stronger 


than the deep bead specimen which has no such extra width. In the opinion 


of the discussors the shallow bead specimen is also stronger than practical 
beams which do not have the protective extra width. 

Bond strength in lapped splices has had more study.? Since splitting at 
splices is not much aggravated by horizontal shear, larger bond stresses are 
permissible; but even in splices, safe stresses are probably only about half the 
present Code allowable. 

The fact that this discussion calls attention to need for a change in the ACI 
Building Code should not be interpreted as a criticism of ACI Committee 
318.* The committee cannot yet set proper bond values with certainty, 
pending still further needed research, and such research is not even underway 
insofar as is now known. But Professor Chamberlin’s data do provide enough 


*One of the discussors is a member of this committee. 
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confirmation of weakness in bond to demand specification recognition in the 
form of lower allowable bond stresses in unconfined structural concrete. More 
conservative values are not only essential where weakness has been established 


but such values should also be used wherever there is any question as to 


strength. 
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Discussion of a paper by Phil M. Ferguson: 


Some Implications of Recent Diagonal Tension Tests’ 


By JOSEPH TAUB and AUTHOR 


By JOSEPH TAUBT 


Professor Ferguson’s excellent paper represents a significant contribution 
to the exploration of the behavior of reinforced concrete beams failing in shear. 
The problem involves so many factors that it merits further discussion. 

In the writer’s opinion the shear failure of a reinforced concrete beam 
manifests itself in either of two ways: (a) as a shear-compression failure, or 
(b) as a shear-tension failure. Both cases can take place, of course, simul- 
taneously. 

The term “shear-compression failure” designates that the primary failure 
cause is the inadequate shear resistance of the beam, development of a diagonal 
tension crack, which is followed by destruction of the compression zone above 
the top end of this crack. 

The term “shear-tension failure” designates that the primary failure cause 
is as described above, which is followed by destruction of the tension zone 
between the bottom end of the diagonal crack and the support of the beam. 

Both cases are discussed here. 


SHEAR-COMPRESSION FAILURE 


This kind of failure occurs in rectangular beams only, as their compression 
zone is relatively small. The writer agrees with the author that this kind of 
failure takes place in beams where the a/d value is relatively small. 

As the diagonal tension crack increases it moves upward, toward the top 
surface of the beam; the compression zone of the beam becomes reduced, 
and this causes destruction of the concrete above the top end of the crack. 
A typical example of a shear-compression failure is represented by Beam III- 
25at in the tests reported by Moody, Viest, Elstner, and Hognestad.! 

The ultimate strength of a beam failing in shear-compression depends on 
the arrangement of the loads, on the magnitude of the stress in concrete in 
the compression region above the diagonal crack, and on the concrete strength 
f.. This stress is a function of (1) the bending moment and shear at the 
critical section, (2) the proportion of the beam, (3) the percentage of the rein- 
forcement, (4) the distance of the neutral axis from the top surface of the 
~ *ACI Jounnau, Aug. 1956, Proc. V. 53, p. 157. Disc. 53-8 is a part of copyrighted Jounnat or rue AMERICAN 
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beam, and (5) the shape of the stress block at ultimate load. A formula for the 
ultimate strength of such beams must take into account all these factors. 

In the case of a shear-compression failure the concrete strength plays a 
significant role, as may be seen from the tests by Clark? and Moody.’ 

The tension in the longitudinal reinforcement at the bottom end of the 
diagonal crack is not critical, and the effect of this reinforcement manifests 
itself as follows: the higher percentage of tension steel increases the moment 
of inertia of the beam, reduces the opening of the diagonal crack, and so its 
destructive action. The tests reported by Moody, Viest, Elstner, and Hog- 
nestad' showed that with increasing percentage of tension steel the midspan 
deflection of the beam decreased. This smaller beam deflection proves also 
that the width of the cracks was smaller. 


SHEAR-TENSION FAILURE 


This kind of failure oecurs in rectangular beams with relatively great a/d 

As the diagonal tension crack crosses the tension steel a redistribution of 
internal forces takes place, the tensile force in the steel at the bottom end of 
diagonal crack increases greatly, and this leads to failure of the beam. 

It is irrelevant whether the diagonal crack starts at middepth or at bottom 
of the beam; it never opens horizontally but always in a diagonal direction. 
At the intersection with the tension steel it follows this steel in the direction 
of its opening; the force in the steel at this point, therefore, acts diagonally. 
The vertical component of this force, and the horizontal as well, cause splitting 
of the beam along the tension steel, beginning from the bottom end of the 
diagonal crack up to the beam support. In this way the bond between tension 
steel and concrete is completely destroyed, and this causes beam failure. 

The intensity of this action depends on the magnitude of internal force in 
the tension steel at the bottom end of the diagonal crack. 

Fig. A shows two beams failing in 
shear. Fig. A(a) corresponds to Fig. (a) Shear-tension failure 
1 and shows a beam in which a/d is 
relatively great. Fig. A(b)  corre- 


sponds to Fig. 2 and shows a beam j 
~ 





with small a/d. The internal force in 








tension steel at the bottom end of the 
diagonal crack depends on the magni- 
tude of bending moment at its top 


(b) Shear-compression failure 


end. Hence it follows, that at equal 
loads this force is much greater in the q 


beam represented by Fig. A(a) than 
in that shown by Fig. A(b). The in- P 


ternal force in the compression zone 














of the first beam is, of course, greater 
too. Comparing the crack pattern of — Fig, A—Crack pattern for shear-tension 
both these two beams, it is seen that (a) and shear-compression (b) failure 
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the upper part of the diagonal crack in the first beam has a flat slope. Its 
compressive zone is, therefore, large enough to carry the force that acts on it. 
This explains the shear-tension failure of beams with relatively great a/d 


A typical example of a rectangular beam failing in shear-tension is repre- 


sented in Fig. 3. Typical examples of simultaneous occurrence of shear-com- 
pression and shear-tension failure of rectangular beams are the beams of 
Series B* in the tests reported by Moody, Viest, Elstner, and Hognestad.! 

As some German tests showed, in T-beams with their relatively large com- 
pression zone, the shear-tension failure always takes place. Table A_ lists 
some tests on T-beams by Bach and Graf. 

From Table A it is seen that in beams which were provided with vertical 
stirrups no splitting of the beam occurred along the tension steel. The effect 
of hooks at the tension steel ends in these beams was significant. 

Some tests reported by J. Neils Thompson and the author will also be dis 
cussed. From the tests on T-beams of Joistile type’ two test beams of Series 
A are selected: H-13 and H-3. 

The beams were identical except that tension steel in Beam H-13 was 
welded to an end anchorage plate and Beam H-3 had no anchorage. In both 
beams no web reinforcement was provided. Concrete strength of the two 
beams was nearly equal. Span of the beams was 84-in. The beams were 
loaded by two loads at 1/3-points. The a/d ratio was 6.2. 

The nominal shear stress at failure was 345 psi for Beam H-13 and 260 psi 
for Beam H-3. End anchorage of the tension steel in Beam H-13 increased 
the ultimate strength of this beam by 33 percent. 

From later tests on T-beams reported by the author and J. Neils Thompson® 
the beams in Series C will be discussed. The beams were provided with 
“shoulders”? to examine their effort on the ultimate strength. 

Span of the beams was 64-in. The beams were loaded by two equal loads 
at 28-in. from the support. The a/d ratio was 3.39. Two equal beams were 
tested. In both the tension steel was welded to an end anchorage steel block. 
No web reinforcement was provided. The ultimate strength of Beam C1 
was 22.54 kips, that of Beam C2 was 17.44 kips. 

In the authors’ opinion the higher ultimate strength of Beam Cl seemed 
to be a matter of tied arch action. The writer agrees with this opinion. But, 
after formation of a diagonal crack and redistribution of internal forces the 
tied arch action is a normal phenomenon of diagonal tension failure in beams in 
which the tension steel is anchored at its ends-—be it by anchorage plates o1 
by hooks. Fig. 5 of the respective paper,® illustrating the beam at failure, 
shows a large diagonal crack, splitting of the beam along the tension steel from 
the bottom end of this crack up to the beam support, and destruction of the 
beam end by the anchorage block. 

The beams of Group 7 in the German tests, included in Table A, in which 
hooks were provided at the tension steel ends, showed exactly the same crack 
pattern at failure. 


*See Fig. 5 in Reference | 
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TABLE A—RESULTS OF BEAM TESTS BY BACH AND GRAF 
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* The beams were reinforced with plain round bars. 
* The load under which first slipping at the tension steel end was observed. 


The difference between the ultimate strength of Beam Cl and C2 may be 
considered as scatter of test results. 

From the above remarks the following conclusions can be drawn: 

1. Bond failure is never a primary failure cause. It shows that the shear resistance of 
the beam is inadequate. 
The stirrups, besides their role as web reinforcement, fulfill a second task in rein- 
forced concrete beams by hindering the splitting of the beam along the tension steel 
between the bottom end of the diagonal tension crack and the beam support. 
The use of deformed instead of plain bars is more effective in beams which are pro- 
vided with stirrups than in those without web reinforcement. 
In beams in which a shear-tension failure comes into question, the hooks at the ends 
of tension steel play a significant role. The ultimate strength of such beams depends 
to a great degree on the pressure exerted by the hooks on concrete and on the re- 
sistance of the concrete against this pressure. 
In beams which fail in shear-tension, the compressive force above the diagonal 
crack is not critical. Higher concrete strength is shown by delayed formation of 
initial cracks and greater resistance to action of tension steel and hooks, if any. 
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The shear strength of a beam depends on all the above mentioned factors. 
The exploratory tests of the author showed that there are still many other 
factors which affect it to a great degree. It would be difficult indeed to find 
formulas for predicting the ultimate shear strength of reinforced concrete 
beams which would include all these factors. 

In the writer’s opinion, however, it should not be the aim to find such 
formulas; the aim should be to provide the beam with such web reinforcement 
that no shear failure may occur. The tests by Moody* showed that under 
certain circumstances a shear failure can occur simultaneously with the for- 
mation of the first diagonal crack. In the case of a moment failure the pro- 
gressive cracking and deflection of the beam warn us of eventually nearing 
danger. 


EFFECT OF MULTIPLE LOADS 


The exploratory tests by the author of Beams F2, F3, and F5 will now be 
discussed. 

The dimensions of all these beams were equal; their span was 60-in. Beam 
I'2 was loaded with two symmetrical loads 24-in. from the support. In Beams 
K3 and F5 two additional symmetrical loads were placed within the 24-in. 
shear span. All the beams failed in diagonal tension. The failure load of 
Beams F3 and F5 was about 60 percent higher than that of Beam F2. 

Fig. 12 shows diagrammatically the crack pattern of the beams at failure. 
It was nearly identical for all these beams. The various kinds of loading were 
of no influence on the crack pattern. The first diagonal crack occurred in 
Beam F2 at an average shear of 3750 |b, in Beam F3 at an average shear of 
5500 Ib, and in Beam F5 at an average shear of 5000 Ib. 

The author attributes the higher value of shear at first diagonal crack in 
Beam F3 and F5 to the action of exterior loads on these beams. In the writer's 
opinion still another factor played a dominant role. 

As was already mentioned before, there is a close connection between the 
deflection of a beam and the crack development in it. The smaller the beam 


deflection, the later the first crack forms and the slower also is its progress, 
and vice versa. The tests by Moody* showed that the deflection of T-beams 
were much smaller than those of corresponding rectangular beams. The first 


diagonal cracks in T-beams also formed at higher loads than in rectangular 
beams. The deflection of a beam depends not only on its moment of inertia 
but also on the shape of the bending moment curve. 

In the author’s paper, load-deflection curves of the beams were not shown. 
But the computed deflections of Beam F2 are much greater than those of 
Beams F3 and F5. This explains the delayed formation of the first diagonal 
cracks in these last beams. 

As it is seen from Fig. 12, all the beams failed in shear-tension. Failure 
was caused by the action of the internal forces in the tension steel at the 
bottom end of the diagonal crack. It is known that these forces depend on the 
magnitude of the bending moment at the top end of the crack. The writer 
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gathers from Fig. 12 that the top end of the diagonal crack was: in Beam F2 
at a distance a = 24 in. from the support, in Beam F3 at a distance a = 23 
in. from the support, and in Beam F5 at a distance a = 21 in. For these 
values of a the bending moments at the top end of the diagonal crack under 
the failure load, yield for Beam F2: M = 120 in.-kips, for Beam F3: M = 139 
in.-kips, and for Beam F5: M = 135 in.-kips. The differences between these 
values are not great. Although the failure load of Beams F3 and F5 was much 
greater than that of Beam F2, in all these beams the internal force in the 
tension steel at the bottom end of the diagonal crack, which was the immediate 
cause of failure, was nearly equal. 

The smaller value of the bending moment at the top end of the diagonal 
crack for Beam F2 or, as it may be said, the somewhat earlier failure of this 
beam, resulted from its greater deflection which caused an earlier formation 
of the diagonal crack and its more rapid progress. 

It seems probable that investigators would appreciate the inclusion of load- 
deflection curves and data on the progress of cracks for the respective beams 
in the author’s closure. 


From the above tests it is seen that the normal formula for computation of 


the shearing unit stress » = V/bjd cannot be considered as a shear strength 
measure of reinforced concrete flexural members. This formula is based on 
the elastic theory which does not apply to the ultimate strength of such mem- 
bers. ‘There is an urgent need of further research in this field to get a clear 


view of the whole problem of shear resistance of reinforced concrete beams. 
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AUTHOR'S CLOSURE 


In the 20 months since this paper was first prepared many additional 
diagonal tension tests have been made on beams without web reinforcement, 
exploring various aspects of this intriguing problem. It seems desirable to 
give added information on several conditions specifically mentioned in the 
paper. 





IMPLICATIONS OF DIAGONAL TENSION TESTS 1191 


The first of these relates to the effect of percentage of longitudinal steel 
upon the diagonal tension strength of a beam. The paper suggested that this 


should have only a small effect on shear strength. In the case of T-beams, 
with an a/d of approximately 4, doubling the steel area has resulted in prac- 
tically no change in shear resistance. On the other hand, such seems not to 
be true with rectangular beams. An increase in steel area increases the depth 
to the neutral axis and keeps moment cracks small. The resulting increased 
area above cracks is quite noticeable, even after cracks become somewhat 
inclined. An increased resistance to shear failure does accompany this extra 
steel condition in rectangular beams. Why T-beams and rectangular beams 
seem to respond differently to variations in percentage of steel is not clear 
to the author. It must be noted that these observations are based on only a 
few pilot tests; further investigation seems to be indicated. 

Related to percentage of steel is the question of how beams behave when 
over-reinforced to such an extent that a moment failure would have to be a 
failure in compression. The hypothesis suggested that a diagonal tension 
crack might trigger a premature moment failure in such a case. A few rectang 
ular beams heavily over-reinforced for moment and test loaded with a single 
concentrated load at midspan did fail suddenly by what appeared to be a 
diagonal tension failure, with an “unrestrained” type of diagonal crack. How 
ever, analysis of the data indicated that the shear resistance exceeded that 
of less heavily reinforced beams while the moment in three out of four beams 
exceeded 0.40 f./bd?. Although the type of failure indicated shear involvement, 
there was certainly no apparent adverse effect on strength. The effect of 
increased steel percentage appeared to offset the ill effects expected from 
critical compression stresses. 

Another situation briefly mentioned in the paper was that existing at a 
point of inflection in a continuous beam. ‘The analysis suggested that a 
diagonal tension crack near a point of inflection, once started, would proceed 
quickly to complete failure. However, as also indicated in the paper, such 
diagonal cracks seem to start more readily at points where moment exist 
Such failures from shear, starting near the point of inflection, tend to occur 
suddenly and violently unless stirrups are present. Negative moment steel 
splits off, apparently the result of combined dowel action and bond stress 
It further appears that diagonal tension cracks will not initially form af 
the point of inflection itself until shears are increased possibly 40 percent 
above those causing the failure in the presence of moment. 

In rectangular beams, diagonal tension cracks starting near middepth 
appear to be restricted to beams with small a/d ratios. Certainly the con 
tinuous beam and the simple beam with large a/d ratio indicate that diagonal 
cracks develop more readily from moment cracks. 

Dr. Taub has presented a thoughtful discussion of the paper. While the 
author agrees with his remarks for the most part, some portions require 


comment. The shear-tension failure is a case in point. In discussing this 


type of failure, Dr. Taub seems to center his attention upon the tension steel 
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while the author would subdivide this into two cases: (1) failure along the 
flat slope in the compression zone, and (2) failure on the tension side. The 
tension failure might always occur with plain bars; the author has had little 
experience with plain bars. However, with deformed bars, many beams fail 
in the compression zone with the end of the tension bars still intactly embedded 
in the concrete. In beams with shorter a/d ratios, welded anchor plates in- 
crease tensile resistance but horizontal splitting can finally proceed over 
the top of such plates. 


The unrestrained failure in the compression zone is considered by the 
author as the typical basic failure, with the tension failure considered as a 
secondary effect. This may be open to discussion. Certainly the so-called 
dowel action which tends to split off the tension steel appears to be accom- 
panied by a similar tension tending to split off the compression slab of con- 
crete. The combination of the ordinary shear and compression on this “‘slab”’ 
at the top of the beam with some direct tension perpendicular to and just 
beyond the crack seems to give a tension splitting type of failure. The author 
does not regard this type of crack, shown at the top of Fig. A, as basically a 
shear-compression failure. 


The author must disagree vigorously with Dr. Taub’s first conclusion, 
unless it is greatly restricted: ‘Bond failure is never a primary failure case. 
It shows that the shear resistance of the beam is inadequate.” 

In contrast, the author would state that the slip of bars caused by inade- 
quate bond resistance can and usually will trigger a premature diagonal tension 
failure. Likewise, as Dr. Taub points out, a diagonal tension crack will 
often lead to a premature failure in bond. Bond and diagonal tension seem 
to be inseparable in action. In many cases only the sequence of events can 


establish primary and secondary cause; and this sequence at times is extremely 
rapid. 


In Dr. Taub’s second conclusion relating to the role of stirrups in hindering 
splitting along the tension steel, the author would emphasize a further fune- 
tion, that of supporting the bar while it acts as a dowel. The stirrup thus 
transforms the dowel shear into a stirrup tensile stress instead of leaving this 
tension on the concrete around the bar. 

In his discussion of beams subjected to multiple loads (the F-series) Dr. 
‘Taub seems to relate diagonal tension cracking to beam deflection. The 
author realizes that moment stresses play a large part in causing diagonal 
tension and that moment stresses relate to deflections. However, he has not 
explored the direct correlation of deflection with diagonal cracking. Time 
has not permitted the author to prepare load-deflection curves for publication, 
as suggested by Dr. Taub. Instead, the deflections at cracking loads are 
listed in Table B. The deflection of F2 at first diagonal cracking is larger 
than that of F5, as Dr. Taub assumes. Contrariwise, the deflection of F3 is 
larger than that of F2. It is possible that cracking load would have to be more 
exactly determined to make this comparison valid. 
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TABLE B—DEFLECTIONS 


Before diagonal crack After diagonal crack 
Average 
Deflection, | deflection, in. 
in. 


Beam Shear, Deflection, Shear, 


lb in. lb 


5000 0.0682 6000 0.0876 0.0779 
3500 0.0482 4500 0.0694 0.0588 
4500 0.0520 5500 0.0718 } 0.0619 





| 
| 
3500 0.0602 4000 0.0732 0.0667 





Classification of the failure of these beams on the basis of the sketches 
presented in the paper is difficult since each showed separation complete 
both at top and bottom. Beam F3 appeared at the time of test to be definitely 
a failure at the compression face with the bottom split following as a sec- 
ondary result. The other three beams failed suddenly and completely in a 
manner that could best be described as a balanced failure; their primary 
failure pattern was not established. 
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Discussion of a paper by Cevdet Z. Erzen: 


An Expression for Creep and Its Application to 
Prestressed Concrete 


By KIYOSHI OKADA and AUTHOR 


By KIYOSHI OKADAT 


The writer agrees that the creep of concrete and the change of modulus of 
elasticity of concrete with time are the most significant factors influencing the 
behavior of prestressed beams; the other most influencing factor is the shrink- 
age of concrete. 

Mr. Erzen presents the analysis of the losses in prestressed beams in which 
creep and variation of modulus of elasticity with time are taken into account 
and the solution is obtained by numerical integration. 

The writer feels that the method presented is not necessarily simple nor 
satisfactory enough to calculate the loss of prestress compared with the com 
puting method conventionally used in Germany or Japan. 

Kq. (4) giving the loss of tension in the wires upon transfer is derived en 
tirely from the assumption that the unit strain in the steel at the position of 


the center of gravity of wires is equal to that in concrete at the same position. 


This assumption is not always correct, especially if the wires subjected to 
various magnitudes of stress before transfer lie in multiple layers of different 
distances from the centroid axis of concrete section. 

In such a case the acting point of the resultant forces of the wires may be in 
a different location from the center of gravity of the wires, and the wires may 
be subjected immediately on transfer to bending moment besides axial tension 

Thus, as shown in Fig. A, the concrete section is subjected to axial compres 
sion, P,., = P — P,,, and bending moment M,, 


M p: and the steel wires to axial 
tension, P,, = P Fw 


and bending moment V., and M,, are the 
bending moments acting on the concrete section and the steel wires upon 
transfer, respectively. 


Then the following equations are obtained. 


*ACI Jounnaut, Aug. 1956, Proc. V. 534, p. 205. Disc. 53-11 is @ part of copyrighted JouRNaL or THE AMERICAN 
Concrete Inerirute, V. 28, No. 12, June 1957, Proceedings, V ; 
tAssistant Professor, Kyoto University, Kyoto, Japan. 
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 _ Ve Po. 
E,A, EKA. E.A, 
= moment of inertia of steel wires with respect to centroid axis of steel wires 


Solving for P.., P.., M.. and M,, 


(IV) 


where J, 


P _ Moe 
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where D, = ExA-, D, = EAs, Ke = Exl., and K, = Fil, 


When the steel wires are in a horizontal layer ¢ distance from the centroidal 
axis of concrete section, and so J, can be assumed as zero, the above equations 
coincide with the author’s Eq.(4). Consequently Eq.(4) is correct only in 
case the steel wires lie in a horizontal level, but may be used approximately 
in the other cases even when the effect of creep of concrete is taken into 
account in the second stage of the prestress loss as stated by the author. 

The loss of stress due to creep of concrete can be calculated by assuming 
the ideal curve for creep of concrete as proposed by Whitney. The total net 
strain of concrete subjected to a sustained stress which varies with time, 
when the change of modulus of elasticity of concrete with time is taken into 
account, can be expressed as follows: 


(VII 
Er , 


3 = OY a) + foo ce@agy foe: 
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Ex di x Ex dt 


in Which the modulus of elasticity /, is assumed to vary in such a way as 

E, = « Ex —_ 
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qe = a function of time 
und @ (¢) is a function of time as shown by ¢ (K/t) in the paper. 
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Applying these equations instead of Eq. (1) and (II) and assuming q = 
k ¢ (k a constant), an analysis similar to the author’s gives the following ex- 
pressions for the loss in the second stage. 


) 


P, = (P — Py 1 — (1 = ak gs) }.. (VIII) 


and 


Py — Py t P, (1X) 


P 
nkp (: + :) 
, ~ 
where = _ ane 2 
1 + nap (1 + S) 
73 
When there is no change in J, that is k is equal to zero, P, becomes 


P, = (P — Pe) (1 e~ a dt) (X) 


In the above analysis no assumption is made of the form of function @ (4), 
except for constant k relating to the variation in the elastic modulus of con 
crete with time, and the solutions are quite simple because of no necessity 
for numerical calculation as made in the author’s method. 


When applying the above method to the same prestressed beam as given 
by the author, k is found to be 0.5214 and P; is computed as 41,400 lb. Thus 
the total loss when t = © is Py = 121,400 lb. 


Similarly the loss P(t) on the succeeding days after transfer can be com- 
puted, and is plotted in Fig. B, in which the author’s result is also shown for 
comparison. 


The method described above gives a smaller value of total loss than the 
author’s method, probably because the ideal curve for creep of concrete ex- 
presses smaller creep value, especially when the sustained loading begins at 
comparatively early age of concrete. 


For a similar computation of the second example, the total loss when ¢ 

© is found to be P; = 86,830 |b in place of 91,500 lb found by the author. 
The discrepancy is about 6 percent but the writer’s formulas are far simpler. 
Furthermore, the effect of variation only in modulus of elasticity of concrete 
upon the loss in prestress should be shown numerically in the author’s paper; 
otherwise the effect may be sometimes over- or underestimated when the 
conventional computation is carried out without taking into account the 
variation in the elastic modulus. 


According to the writer’s formula, when assuming a constant modulus, the 
total losses in the prestress whent = © are P;, = 121,090 |b in the first 
example and P;, = 87,950 lb in the second. These show that the effect of 
change in elastic modulus with time on the loss is comparatively small, es- 
pecially when the concrete is of comparatively older age and of sufficient 
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strength at time of loading. Creep tests made by the writer on reinforced 
concrete columns having steel ratios of 1.18 and 3.72 percent, which were 
subjected to sustained loads at 4,14, or 27 weeks, coincides with the theoretical 
analysis described above. Consequently the writer believes that more tests 
should be made on the effect of creep, the variation in elastic modulus, and 
the shrinkage of concrete on the total loss in prestressed beams. 


AUTHOR'S CLOSURE 


The author is pleased to see Professor Okada’s demonstration of the solu- 
tion of creep action in prestressed concrete beams. 

The equations representing creep and change of modulus of elasticity of 
concrete used by Professor Okada render a direct solution of the integral 
equation. The difference in numerical results of about 6 percent is a negligible 
amount, 

The derivation of Eq. (5) is based on the concept of creep phenomenon as 
given in Reference 4, and does not contain any assumptions. Furthermore 
the use of Eq. (6) to (12) is quite simple. It is not necessary to resort to a 
numerical integration if these equations are used. 

In closing, the author expresses his thanks to Professor Okada for contribut- 
ing his analysis of the creep action in prestressed concrete beams. 
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Discussion of a paper by Myron L. Goral: 


Empirical Time-Strength Relations of Concrete’ 


By O. LARSEN and AUTHOR 
By O. LARSENT 


The hyperbolic time-strength relationship demonstrated by Mr. Goral 
was observed by the Illinois Division of Highways in 1934 and used in the 
study of test data during the intervening years. Limited publicity was 
given to this through several departmental reports. Mr. Goral is to be com 
mended for giving the subject general publicity through his excellent paper. 

Uniformity of the materials, of the production of the concrete, and in the 
making and curing of the specimens undoubtedly is the prerequisite for 
successful estimates of future strength. Bearing this in mind, the use of the 
theory of least squares, which gives equal weight to all points on the rectified 
strength curve, may not be advantageous in preliminary estimates of future 
strength. It would be of greater value to consider the circumstances with 
respect to the specimens representing the strength tests. For example, unless 
the specimens can be placed in standard curing immediately after they are 
made, the time they remain in the forms constitutes a considerable percentage 
of the curing period insofar as early strength is concerned, and may affect 
adversely or favorably the strength obtained. If in the rectified graph the 
points plotted do not fit a straight line, the circumstance described may be 
sufficient reason for disregarding an early strength value and for determining 
the position of the line entirely on the basis of other points, even if only two 
are available. In a rather extensive series of tests of various Type II] ce 
ments, conducted by the Illinois Division of Highways, it was observed that 
the Il-day strengths invariably did not quite conform to the linear relation 
ships while those at later ages generally did. 

A further prerequisite for successful estimates of future strength is accuracy 
in determining the strength values, as well as the test ages, that form the 
basis for the estimates. Tests of only one or two specimens at each test age, 
as too often is the case, would not be expected to yield satisfactory data. It 
is essential that the numbet of specimens be sufficient to provide average 
strength data from which undue errors of testing are eliminated. 

The Illinois Division of Highways has further developed the method, 
and some of the additional equations derived may be of interest. Since the 
relationship applies also to flexural strength, q.(1) may be written as follows: 

t 
(A) 


hb,’ T mil 
*ACI Jounna, Aug. 1956, Proc. V. 53, p. 215. Dise. 53-12 is a part of a copyrighted JouRNAL or THE AMERICAN 
Concrete Inaetirure, V. 28, No. 12, June 1957, Proceedings V. 54 
tEngineer of Mixtures Control, Illinois Division of Highways, Springfield, Il 
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where the prime has been inserted to denote values pertaining to flexural 
strength. 

Solving Eq. (1) and (A) simultaneously for f and f’, the following values are 
obtained: 


..(B) 


(C) 


PP 

In terms of intercepts and slopes of the rectified curves representing cor- 
responding compressive and flexural strengths, 

p = Ld and q=m— bn’ =m —- pm’ 
b’ b’ 

However, the values of the constants may more easily be determined 
analytically by Eq. (B) from two pairs of corresponding compressive and 
flexural strength values, accurately determined. It is of interest that the 
equations giving the relationship between compressive and flexural strengths 
are of the same form as Eq. (1). 

Further, with reference to Eq. (1), if f; represents the compressive strength 
at the age ¢,, then the existing relationship is given by the equation 


ty 


fi= Si on: .(D) 


Dividing this expression by the expression for f in Eq. (1) to obtain the 
ratio of f,; to f and solving for f;, the following equation results: 
fu (ce + ¥) ; 
fie Fh) (E) 
In terms of intercept and slope of the rectified curve representing the com- 
pressive strength, 


The value of the constant may also be determined analytically from Eq. (E) 
from accurately determined strength values at two ages. If strength data 
at early ages are known and the constant can be evaluated satisfactorily, 
this equation is convenient for estimating the strength at a later age, and 
applies in the case of either compressive or flexural strength data. 

In similar manner, equations were derived expressing the compressive 
strength in terms of the flexural strength at the same and at different test 
ages. These involve three constants that also can be expressed in terms of 
intercepts and slopes of the rectified strength curves. Inasmuch as they 
have not been found particularly useful, they will not be stated here. 





TIME-STRENGTH RELATIONS OF CONCRETE 


AUTHOR'S CLOSURE 


The comments of Mr. Larsen are well taken. The additional relation of 


flexural strengths and the relation of flexural to compressive strength is indeed 


an important tool in estimating later strengths from early test cylinders. 

One point, however, needs further clarification. The validity of very early 
strengths (ages 1 to 3 days) can be maintained only if the age is measured with 
the same accuracy as the strength. Experience has shown that if the age of an 
early test cylinder is accurately recorded in hours, and if this age is divided by 
24 to get the age in days to two decimal places, 90 percent of the l- and 2-day 
tests will lie on the rectified line as do the later tests. Since the slope of the 
time-strength curve is steep at early ages, the rectification procedure is more 
sensitive to errors of time measurement than to strength measurements. After 
about 10 days, the day is a sufficiently accurate unit of measurement for most 
practical applications. 








Disc. 53-13 


Discussion of a paper by A. C. Scordelis, K. S. Pister, and T. Y. Lin: 


Strength of a Concrete Slab Prestressed in 
Two Directions* 


By JACK JANNEY, GROVER L. ROGERS, and AUTHORS 


By JACK JANNEY ft 


Messrs. Scordelis, Pister, and Lin are to be commended on a clear-cut in- 
vestigation and presentation of test results. It is refreshing to read a re- 
search paper in which the objectives are clearly outlined and adhered to, and 
only pertinent data are presented. ‘Test information regarding the behavior 
of prestressed slabs is scarce and is needed. 


The method of loading the test member devised by the authors was well 
conceived. Too few tests are conducted in which a uniform loading is applied. 


However, the indeterminate nature of the slab supported on the four corners 
presents distinct possibility of error in analyzing test results. Anything 
short of the care employed in this test could result in questionable data. In 
fact, the authors were fortunate to obtain the uniform results reported. The 
corner reactions could have been made determinate inexpensively by utilizing 
a small hydraulic ram and calibrated compression load cell at each corner. 
In this way the four reactions could have been maintained equal in a positive 
manner throughout the test series. In addition, it would have been possible 
to vary the distribution of reaction for several tests in which the loadings 
were such that the slab behaved elastically. The reactions at the four corners 
of a lift slab will seldom be equal in the field. If the above system of reaction 


measurement were used, accurate control of these tests would be possible. 


It is unfortunate that the prestressing reinforcement in relatively small 
slabs cannot be bonded economically. The behavior after cracking of a 
bonded member is superior to that of an unbonded member. 


It is rather dangerous to assume that the steel stress at bending failure in an 
unbonded member is equal to “80 to 90 percent of the ultimate steel strength.” 
The steel stress in a unit in which the prestressing reinforcement is unbonded 
is much more dependent upon the effective prestress than it is in a bonded 

*ACI Journat, Sept. 1956, Proc. V. 53, p. 241. Disc. 53-13 is a part of copyrighted Journnat or THe AMERICAN 


Concrete Inerirute, V. 28, No. 12, June 1957, Proceedings V. 53. 
{Consulting Engineer, Chicago, Il. 
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member.* Of course, the final stress in an unbonded member is also de- 
pendent to some extent on the percentage of steel, span of the member, and 
manner of loading. It is possible for the steel stress at failure to be much 
less than the 80 to 90 percent of the ultimate tensile strength suggested. The 
value of 210,000 psi determined for the steel stress at failure in the test slab 
is 84 percent of the tensile strength of the steel. Yet, the authors recognized 
that this value was higher than it would have been if the prestressing steel 
were completely unbonded. In fact, it should have been about 175,000 psi 
which is 72 percent of the steel strength. The high steel stress actually de- 
termined has been attributed to friction between the concrete and steel which 
caused a stress differential along the length of the prestressing tendons when 
the slab was deflected appreciably. Steel stresses considerably below the 72 
percent may frequently occur at failure. 


By GROVER L. ROGERST 


The authors have contributed valuable experimental information on the 
subject of cracking loads to be expected when dealing with concrete slabs 
which have been prestressed in two directions. It is gratifying to note that 
their conclusions are essentially the same as those drawn by the writert from 
tests performed in 1951-52. 


The first experimental results obtained on slabs prestressed in two diree- 
tions were presented by Freyssinet§ who concluded that the load causing 
cracking could not be predicted with any degree of accuracy by using the 
classical theory of elasticity. The test slab discussed by Freyssinet was a 
runway pavement slab at the airfield at Orly, France. It has been pointed 
outt that the cracking load measured by Freyssinet was not the “first”? crack- 
ing load but was rather the ultimate cracking load. This is evident in that 
one could not observe first cracking for it would have occurred on the under- 
side of the slab. Levi** has conducted similar tests in Italy on such pavements 
and found that this ultimate cracking load could be predicted if the plasticity 
of the concrete were considered. 


The writer{ conducted a test on a square slab subject to two concentrated 
loads and found that the loads causing first cracking were not greatly different 
from those predicted using elasticity theory. Tests performed by Magnel** 
and Lin** on indeterminate beams gave essentially the same results. 


Guyon** reported that tests performed by him on continuous slabs in- 


dicated that the first cracking load was greatly different from that predicted 


*Gifford, ¥. W., “The Design of Simply Supported Prestressed Concrete Beams for Ultimate Loads,"’ Pro 
ceedings, Institution of Civil Engineers (London), V. 3, Part III, Apr. 1954, pp. 125-143. 

Janney, J., Hognestad, E., and McHenry, D., ‘Ultimate Flexural Strength of Prestressed and Conventionally 
Reinforced Concrete Beams,’’ ACI Jounna., Feb. 1956, Proc. V. 52, bp. 601-620. 


+Professor of Civil Engineering, Virginia Polytechnic Institute, Blacksburg, Va. 
tRogers, G. L., “Validity of Certain Assumptions in the Mechanics of Prestressed Concrete,"’ ACI Journar 
Dee. 1953, Proc. V. 50, pp. 317-330. 
§F reyssinet, E., ‘Importance et Difficultes de la Mecanique des Betons,’’ Proceedings, First International Con 
gress on Prestressed Concrete, Ghent, Belgium, 1951. 
**Levi, F., Guyon, Y., and Magnel, G.: discussions of ‘Validity of Certain Assumptions in the Mechanics of 
Prestressed Concrete,"’ by Grover L. Rogers, ACI Journnat, Dec. 1954, Part 2, Proc. V. 50, pp. 332.1-332.4 
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using elasticity theory. In discussing the writer’s paper, he emphasized the 


importance of “secondary carrying systems” and suggested that the difference 
between calculated and measured cracking loads would increase as the number 
of such secondary systems was increased. A square slab uniformly loaded 
(as was the case studied by the authors) has four axes of symmetry. If a 
rectangular slab had been treated, there would have been only two axes of 
symmetry and consequently the number of “secondary carrying systems” 
would have been increased, and according to the Guyon hypothesis the dif- 
ference between predicted and measured cracking load would have been cor- 
respondingly increased. 

It should be pointed out that the slabs studied by the authors and by the 
writer were given supports which could be quite accurately treated using 
classical theory. The slabs tested by Guyon could be treated only approxi- 
mately using the classical theory. 

The writer hopes that this latest work performed by the authors will inspire 
others to undertake additional experimental investigations in what is an im 
portant area of reinforced concrete design. 


AUTHORS’ CLOSURE 


The authors wish to thank Messrs. Rogers and Janney for contributing 
constructive and informative discussions to the paper. 

The authors agree with Professor Rogers that in all probability the cracking 
load observed by Freyssinet on the runway pavement slabs at Orly, France, 
was the ultimate crushing load rather than the first cracking load. It is 
difficult to detect by visual inspection the initial cracking of a prestressed 
concrete structure. The load at first cracking can often be better determined 
by plotting experimental load-strain curves for critical points. In almost all 
cases these plots will indicate a linear relationship up to first cracking after 
which the strains will increase or decrease more rapidly with load depending 
on whether the crack occurs within or just outside the strain gage. Together 
with the results reported earlier by Professor Rogers,* the test results obtained 
by the authors substantiate the premise that the theory of elasticity may be 
used to predict stresses up to initial cracking. 

Mr. Janney’s suggestions regarding ways in which the testing technique 
could have been improved are excellent. The authors were aware of the sen 
sitivity of the structure because of its external indeterminacy and great care 
was taken to insure equal reactions at the four supports by the method de 
scribed in the paper. The use of a hydraulic jack or ram resting on a load 


cell at each support would have been a means by which the value of each re- 


action could have been determined more accurately. Perhaps if equal re 


actions are desired it would be better to have all four jacks or rams supplied 
from the same hydraulic line rather than operating each independently as in 
dicated by Mr. Janney. 


*Rogers, G. L Validity of Certain Assumptions in the Mechanics of Pre 
1953, Proc. V. 50, pp. 317-330 
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Almost all of the lift slabs built on the Pacific Coast have unbonded cables. 
Many of these slabs have prestressing units similar to those used in the test 
slab. It is difficult to predict the steel stress existing in an unbonded cable 
under the ultimate load condition. Naturally if the effective prestress in the 
cable were very low it would not be possible to develop “80 to 90 percent 
of the ultimate steel strength.” The amount of wire stretch necessary could 
probably not occur before failure. This is also true to a much lesser degree 
in a bonded cable. Lacking any better information the authors used data 
obtained from earlier tests in the laboratory on unbonded beams having the 
same effective prestress, to estimate the stress in the cables at ultimate load. 


It would be advisable in future tests to experimentally determine strains in 


the prestressing cables at controlling points so that a better estimate of the 
stress at failure might be obtained. 





Disc. 53-19 


Discussion of a paper by Eric C. Molke: 


Auditorium Framed With Prestressed Roof Girders 


By DAVID P. BILLINGTON, FRED E. KOEBEL, and AUTHOR 


3y DAVID P. BILLINGTONT 


This paper presents a most interesting project in which the construction 
technique of raising a large prestressed girder between two sets of twin col- 
umns has been successfully applied on the American scene. There are several 
design considerations which Mr. Molke has brought up and which merit fur- 
ther discussion. 

First, is the question of the design of such a large-span structure as a rigid 
frame. Mr. Molke points out that it is up to the designer not only how he 
shall make the rigid frame where the main girder is precast on the ground, 
but also at what stage in the construction this rigidity shall be built in. The 
method described in this paper for achieving continuity between the precast 
girder and the cast-in-place columns consists simply of prestressing the girder 
and the column top together. This is done by inserting cables into preformed 
holes through the column top which are lined up with preformed holes in a 
thickened portion at each end of the girder. These prestressing units are 
only 8 ft long. With regard to the method of designing the frame, the writer 
would like to suggest that an alternate method is also quite applicable to 
such structures as the one described by Mr. Molke. This also involves a 
two-stage prestressing operation as was done in this case but it incorporates 
in the second stage of prestressing several advantages which the method 
described in the article does not have. 

The method is simply to leave some of the prestressing tendons which run 
the full length of the girder unprestressed until the girder is erected. As 
soon as the girder is in place these unprestressed tendons would then be pre- 
stressed against the column and thereby create the rigid frame. In this 
manner, the prestressing steel which is already in the design performs the 
second function of tying the girder and columns together. Furthermore, 
the second stage of prestressing can also have the effect of prestressing the 
columns and the foundations. The second-stage prestressing force can be 
applied by means of tendons draped in a parabolic manner throughout the 
entire girder length. ‘These tendons would be prestressed after the girder is 
in its final location on the columns. The column top would have to be de- 

*ACI JouRNat, Oct. 1956, Proc. V. 53, p. 363. Disc. 53-19 is a part of copyrighted Jounnan or THe AMERICAN 
Concrete Inerirute, V. 28, No. 12, June er, Proceedings V. 53 


tRoberts and Schaefer Co., New York, N. 
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tailed so that these tendons could be blocked against the columns themselves, 
However, the difference would be that the second-stage prestressing force 
Which is used to connect the girders and the columns would also cause a 
rotation at the junction of these members. Because the shape of the pre- 
stressing tendons is parabolic, the bending moment line will also be parabolic. 
This bending moment line is therefore of the same shape as that due to the 
superimposed loads, but in the opposite direction. The rotation caused by 
this prestressing force is thus opposite to the rotation caused by dead and 
live loads. This means that any force induced in the columns through frame 
action due to dead and live loads will be counteracted by the second-stage 
prestressing forces. In this way, the undesirable bending moments and hori- 
zontal thrusts described by Mr. Molke could be neutralized by this frame 
prestressing.' Also, this would mean that it would be possible to design the 
structure as a frame not only for live loads but also for the dead loads of the 
roof slabs. This would, of course, require a slightly different detail at the top 
of the columns to allow this second stage of prestressing. 

The second design factor mentioned by Mr. Molke is the question of stability 
both for the prestressed girder alone and for the completed frame structure. 
Mr. Molke correctly points out that a prestressed girder can easily be subject 
to buckling just as other reinforced concrete members from external loads. 
The impression that a prestressed member will not buckle is a dangerous 
one when incorrectly applied. However, it is still true, as Magnel points out 
in his book,*® that a prestressed member will not buckle under the prestressing 
load if the prestressing steel is in contact with the concrete at a sufficient 
number of points along the length of the member. This applies as well to lat- 
eral buckling as it does to vertical buckling. Therefore, in post-tensioned 
members, it is necessary to have the tendons in contact with the girder such 
as is surely the case where the stressed units are draped. 

It is nevertheless important that there be enough lateral stiffness in a 
precast member to resist buckling due to dead and live loads. In precast 
design, handling and erection often produce the most critical conditions for 
stability. In the case of these auditorium girders this problem is minimized 
by the controlled nature of slow lifting between rigid supports. It may be 
of interest to point out that 136-ft girders of nearly this size have recently 
been erected for a hangar at Hill Air Force Base, Ogden, Utah, where the 
lifting was done solely by cranes.* The ratio of flange width to free span was 38 
in these girders, as compared with 36 in the girders described by Mr. Molke. 
Just as in the case of the auditorium girders, the width was kept to a minimum 
to avoid adding materials and lifting weight. 

The question is raised concerning the danger of accidentally supporting 
the girder at the center of its span during handling. This would produce 
somewhat the same effect as if the girder were overturned since the girder 
dead load would now add to the prestressing load and cause high overstressing. 
The danger of failure here is due to high bending stresses and not necessarily 
connected to a buckling problem. 
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With regard to the lateral stability of the completed building, Mr. Molke 
calls attention to the similarity between this structure where the precast 
roof members are connected to the girder bottom flange and a barrel shell 
roof with stiffening ribs protruding above. <A shell roof is monolithic with the 
bottom of the arch and provides lateral support even for the top of the arch. 
This will be the case with the precast girder too. The only difference is that 
the girder bottom flange and precast roof panels are not fully monolithic in 
the structure deseribed in the paper. The connection is more like a hinge 
The question which needs further investigation is, therefore, how effective 


will such support be as compared with the monolithic arch and shell? 


REFERENCES 


1. Billington, D. P., “Building Frames in Prestressed Concrete,’ ACT Journan, June 
1956, Proc. V. 27, pp. 1065-1081 

2 Magnel, G., Prestressed Concrete, Concrete Publications Ltd London, 3rd ledition, 
1954, Chapter VII 

3 “Air Force Hangar Uses 136-ft Precast Beams,” ACI JourNna, Sept. 1956, Neu 
Letter, pp. 7-10 


By FRED E. KOEBEL* 


Mr. Molke’s paper was read with interest. The writer’s firm, Prestressing, 
Inc., was subcontractor for the construction and erection of the girders, to 


the firm of J. Ek. Pyle General Contractor, general contractor on the job. 
; J 


This type of construction definitely shows the use of prestressing for long 
span girder construction. The use of twin columns eliminated the necessity 
of heavy lifting equipment and provided the means for the continuity stressing 
after the girder was in place. The use of this continuity stressing shows 
definite economies in this type of long-span girder construction and it) was, 
it is believed, the first use of this application in the United States 


Since this construction has been completed, two other jobs of similar design 
and construction technique have been completed. One job has girders of 
100-ft span and the other job has girders with total lengths of up to LLO ft. 
In this job the clear span was approximately 95 ft with a cantilever of 15 ft 
The joints were again made continuous by post-tensioning after erection. 
In this job, incidentally, because of the location of the girders it would have 
been practically impossible to erect them with cranes. Thus the system of 
erection outlined in’ Mr. Molke’s paper was utilized to place these girders 


without excessive erection costs. 


In this pape! Mr. Molke has recorded a fascinating application of pre 


casting and prestressing. The job shows the results of excellent coordination 
between architect, structural engineer, and contractor 


*Vice-President and General Manager, Prestressing, Inc San Antoni Ie 
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AUTHOR'S CLOSURE 


One can easily agree with Mr. Billington that by some operation of two- 
stage prestressing of the draped tendons in the girder, so-called “‘secondary 
moments” could be induced in columns and footings, thereby causing greater 
restrainment of the girders. 

Such procedure will be more feasible for cast-in-place prestressed frame 
construction for which it was first conceived, but would seemingly call for 
cumbersome details where girders are cast on the ground and hoisted into 
place. 

Furthermore, as was pointed out, small columns and a footing design with 
low horizontal thrust seemed to be desirable for reasons of economy. Under 


such conditions the restrainment of girder to columns can by necessity not 


be relied upon to reduce substantially the positive bending moments at 
midspan, regardless of whether the columns are prestressed or not. 

Mr. Billington’s statement that primary buckling failure cannot occur so 
long as the prestressing steel is in contact with the concrete at a sufficient 
number of points along the length of a member has never been doubted by 
the author. Naturally this goes for an action in either the horizontal or the 
vertical plane. 

The paper, however, suggested a lateral buckling effect in the thin webbed 
member coupled with the stress action in the vertical plane “similar to the 
torsional buckling in narrow I-beams.”’ For the same reason it was pointed 
out in the paper that an angular motion of a supporting base during the 
construction condition could trigger such torsional or secondary buckling. 

In regard to Mr. Billington’s query as to the degree of stiffness of the con- 
nection between roof slab and girder, it should be noted that each precast 
roof panel had anchor plates welded to matching anchor plates of the roof 
girder and, as indicated in Fig. 9 and 10, a substantial sloping concrete corner 
fill rammed into the space between panel ends and girder face was continuously 
applied at both sides of a girder. The bending strength of this connection 
was calculated to be greater than the bending strength of the roof panels 
and such connection can certainly not be classified as a hinge. 

The author is particularly grateful to Mr. Billington for the statement that 
he has already used a greater ratio of free span to flange width. As Mr. 
Koebel has pointed out, prestressed concrete frame construction will become 
very useful for longer spans, and the question of permissible span-width ratio 
is in need of a realistic approach. 
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Discussion of a paper by Ralph W. Kluge: 


Structural Lightweight-Aggregate Concrete’ 


By WALTER K. WAGNER and AUTHOR 


By WALTER K. WAGNER 


Professor Kluge is to be complimented on his compilation and presentation 
of data of general nature that has long been needed. Basically, the structural 
lightweight aggregates are similar in character and performance. The great 
difference appears to be in the aggregate crushing strength and low absorption 
values for certain high strength-producing aggregates. ‘These desirable charac 
teristics are obviously due to sealed aggregate pores developed in the expan- 
sion process. 

Pumice, as a natural product, has open, interconnected pores which allow 
water to penetrate the aggregate structure and produce high volume changes. 
Apparently, this moisture transition is never a static condition, even within 
the matrix of hardened concrete. The volume changes have been so great in 
structural pumice concrete in the Southwest that most designers have aban- 
doned its use for large structural panels or members that might be affected by 
shrinkage or cracks. The shrinkage problem needs further research before 
pumice and similar aggregates can be used in structural design with confi- 
dence. 


The control of quality of lightweight concrete mixes still is a complex 
procedure because of the wide range of absorption and density of the aggre- 
gate particles. One simple method of control used successfully by this writer 
is to consider a nominal mix on the basis of absolute volumes. These are com- 
puted from a “quick specific gravity’ determined by displacing a fairly large 
sample of the aggregate in the condition it is to be used for the mix. Changes 
in moisture and particle density are reflected in this value, and the resulting 
yield of the mix is more stable. The adjusted weights for the mix are simply 
the absolute volume of the basic mix multiplied by the specific density (quick 
specific gravity K 62.4). Water must be adjusted by “eye” or some physical 
measure of consistency. This writer has never found any relationship be- 
tween the water demand per cubic yard of concrete and the absorbed moisture 
of the aggregates. Experience indicates that water can be added for uniform 
workability to mixes with aggregates of highly different moisture contents 
without seriously affecting the strength of the concrete. 

7 *ACI Jot RNAL, Oct. 1956, Proc. V. 53, p. 383. Dise. 53-21 is a part of copyrighted JounNaL ov THR AMERICAN 


Concrete Inerirute, V. 28, No. 12, June 1957, Proceedings V. 54 
(Chief Engineer, Albuquerque Gravel Products Co., Albuquerque, N. M. 
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One of our recent experiments show this on a 1:6 mix made with three 
batches of the same aggregate adjusted to different moisture contents before 
mixing. Batching was on a volume basis: 14 bag of cement to 3 cu ft (loose 
volume) of fine pumice. Table A gives the results. 


TABLE A—PUMICE CONCRETE MIX DATA 


Batch | Batch 2 Batch 4 
Moisture in aggregate (by dry weight), percent 0.76 1).11 18.15 
Batch weights, ib 
Water 59.0 29.0 
Cement 17.0 17.0 47.0 
Pumice (3 eu ft) 118.5 117.9 141.5 
Total 40.5 223.9 207.5 
(jross W/C ratio 1.38 1.26 O#2 
Slump, in 2 $4 sly 
Concrete unit weight, lb per eu ft 81.2 84.0 8S 
Compressive strength, psi 
7 days 567 550 600 
28 days 1085 1167 1325 


AUTHOR'S CLOSURE 


The author and Subcommittee I of ACI Committee 213 thank Mr. Wagner 
for the comments in his discussion of the report. They further confirm the 
practice of adding sufficient water to a lightweight-aggregate concrete mix to 
produce a given consistency rather than to depend upon a particular water- 
cement ratio as a guide. 


The author would also like to comment further on a statement contained 
in the report to the effect that the modular ratio need not play an important 
role in the design of flexural members of lightweight aggregate concrete. 


An elaboration of this may have some merit particularly for those who are 
accustomed to design beam sections in the conventional manner, namely 
“balanced design” in which the concrete and steel are theoretically stressed 
to their working values simultaneously. For dense-aggregate concretes 
this procedure is satisfactory and accepted. For lightweight-aggregate con- 
cretes the method leads to shallow sections with higher percentages of steel 
because of the higher modular ratio for this type concrete. From the stand- 
point of deflection this is definitely undesirable. It can also be uneconomical 
since the cost of the reduced volume of concrete is usually more than offset 


by the cost of the additional reinforcement required. The obvious step is to 


increase the depth, which decreases the stress in the concrete, the area of steel 
being adjusted so that it operates at its full working stress. The question 
then arises, what is the value of 7 to use for adjusting the steel area? If an 
exact value of 7 is wanted perhaps the simplest method is a trial-and-error 
process employing the transformed section. Actually it will generally be 
found to vary but a few percent from the theoretical value based on balanced 
design. This is illustrated by the curves of Fig. A which were obtained for 
sections 10 and 14 in. in width and for depths increased from the balanced 
design depth by the amounts shown as abscissa. The bending moments used 
for this illustration were 600 to 1200 in.-kip. Values of 7 are shown for two 
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extreme values of the modular ratio, n = 15 and n = 30. The curves show 
that for a 5-in. increase in effective depth the maximum change in 7 is less than 
5 percent for a given modular ratio. It is evident then that the value of 7 for 
balanced design could be used for reasonable increases in depth without serious 
error. 

Another interesting fact brought out by these data is the relatively little 
effect that a rather wide difference in the modular ratio has upon the value of 
j. The maximum difference indicated by these curves is less than 7 percent 
for any given set of conditions. It would appear that an exact value of the 
modular ratio is unimportant particularly if the effective depth is greater 
than the so-called theoretical depth. When it is considered that the elastic 
modulus of concrete in a structure is not known with any degree of certainty 
and that the value of F changes with age as well as with plastic flow, there 
is no justification for requiring an exact value of n. 
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Discussion of a paper by Victor R. Bergman: 


Helicoidal Staircases of Reinforced Concrete’ 


By H. S. GEDIZLI, HELGE HARBOE, FRITZ LEONHARDT, WILLIAM T. MARSHALL, JOSE 
SANABRIA, A. C. SCORDELIS, and AUTHOR 


By H. S. GEDIZLIf 


Many methods of analysis of helicoidal staircases have been published! 


and Mr. Bergman’s paper is one of them. However, it may be deemed advis- 


able to forego the simplifications offered by these methods, and to follow 
Dr. Fuchssteiner’s theory? and the practices born from it.* 
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By HELGE HARBOEt 


The author states on p. 406 that it is unnecessary to assume that the stair- 


case is equivalent to its horizontal projection. ‘This assumption is believed 


by the author to be convenient and accurate enough for the practical analysis 
of moderately sized helicoidal staircases. 

The writer disagrees with the author, as a more realistic analysis, to which 
the author also refers (References 6 and 7), tends to create a staircase of 
more slender thickness and beauty, at the same time, much more economical. 


*ACI Journat, Oct. 1956, Proc. V. 53, p. 403. Disc. 53-22 ia a part of copyrighted Journnat or rue American 
Concrete Inetirure, V. 8, No. 12, June 1957, Proceedings V. 53. 
oe Turkey. 


Civil Engineer, Rio de Janeiro, Brazil. 
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I will, in this respect, refer to an article treating the above subject in Beton- 
Kalender, Part I1, 1955, p. 193 (Section 6.2—‘‘The Stair Fixed in Both Ends’’). 
It is well to translate the beginning of this article, which, in a concise form, 
calls attention to the principal way in which the end supports, being at dif- 
ferent heights, acts favorably: 

This type of stair is a general rule in rein- 

forced concrete construction. It should 
straight away be mentioned that the fixed 
stair has a considerable shell effect. In other 
words, the great bearing capacity of the shell 
is based on the activity of deformation forces. 
Considering the slab of a stair as a shell, then 
M, produces deformation forces which are 
distributed uniformly over the thickness of 
the shell. M,, however, is a bending moment 
in shell theory; it means bending about the 
weak axis of the shell section. For the stair- 
case, the activity of M, produces the main 
part of the bearing capacity. 

Compared herewith the contribution of M, 
with regard to bearing capacity is insignificatn. 

The spiral staircase thus differs considerably 
from the circular girder. By projection of the 
spiral staircase on the base plan and treating 
same as a plan circular girder, the most valuable 
bearing reserve would be lost. This is clearly 
understood by the following consideration 
(Fig. 26) [Fig. A]. 

A semicircular staircase as per Fig. 26 [Fig. Fig. A—Fig. 26 from Beton-Kalender 
A], supports the total load V which acts in the 
distance a from the fixed support. The support section has therefore to be calculated for the 
moment Va. This moment acts by the plan circular girder (Fig. 26b [Fig. Ab] ) around the weak 
axis 1-1. By the spatial curved stairway (Fig. 26a[Fig. Aa] ) the component S from V produces 
an insignificant frame action. The other component K gives the fixed moment Ka. Here, 
however, the moment of inertia with regard to the main axis 2-2, is much more able to act. All 
section elements above the inclined axis 2-2 get tension while the elements below get com- 
pression. 


Therefore, it is principally the moment M, which is acting. 


By FRITZ LEONHARDT* 


The paper by Mr. Bergman gives interesting data for the calculation of 
helicoidal staircases of reinforced concrete. I have designed several staircases 
with a total central angle up to 410 deg and found that not only is the calcula- 


tion important but also the architectural form. Such staircases are only 
good looking if the outer slab depth is as narrow as possible. This can easily 
be reached by using a conical cross section with greater depth along the inner 
circle. 


*Consulting Engineer, Stuttgart, Germany 





HELICOIDAL STAIRCASE‘ 


Fig. B—Neckar Bridge staircase 


As an example, there is the staircase at the Neckar Bridge, Ziegelhausen, 
near Heidelberg, a prestressed concrete bridge which was built following my 


design 2 years ago (Fig. B). 


By WILLIAM T. MARSHALL* 


The writer is interested in Mr. Bergman’s paper as he himself had worked 


on a similar problem some years ago.' Mr. Bergman has however simplified 
the problem by working from the center of the beam instead of the supports, 
thus reducing it to one of a single redundancy in the case where the load is 
symmetrical. 

Mr. Bergman mentions the difficulty of designing the shear reinforcement 
but does not, in the writer’s opinion, give enough information. rt, , and? 
must be added algebraically, but what value is to be taken for the shear 
when designing the reinforcement? To take (tao, + v) acting over the whole 
section is obviously wrong. From Fig. 4 it would appear that the torsional 
reinforcement required should be sufficient to resist a force of 14 tau, K b & 
h/2 in a direction parallel to each long side. The value of v at sections corres 
ponding tO tmoz is zero. If the shear parallel to each short side is considered, 
then each arm of the stirrup provided should be designed to carry V/2 4 
(tz, * area over which this force acts). From Fig. 4 the value for this area 
would appear to be 24/3 & 6/4 & 1/3 (assuming a parabolic stress variation 
acting over a quarter of the width). 


*Regius Professor of Civil Engineering, James Watt Engines 
Scotland 
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It will be found however that each method gives binders at very close 
spacing. 


The writer carried out a number of experiments on reinforced concrete 
beams in torsion® and these showed that up to at least 50 percent of the ulti- 
mate load the beam behaved as a plain concrete beam. The theoretical 
analysis used by Mr. Bergman for calculating the torsional stresses is based 
on a monolithic uncracked section. Use of steel reinforcement stressed to its 
normal working value implies cracks in the concrete. Under these conditions 
the theoretical analysis given will not hold and the writer feels that the section 
should be made so that it can resist the calculated torsional moment without 
any reinforcement. 


The ultimate torsional resistance of an unreinforced section can be obtained 
using the “sand heap” analogy and taking the ultimate tensile stress as the 
maximum torsional stress.* If this is represented by ¢ then the ultimate 
torsional moment, 7’, of a section of width b and depth h is given by 


| e(e- 2 pes Za j 
2\ 2 3 “tik alltatie 


An appropriate load factor must be applied to this to give the safe torsional 
moment which can be resisted by the section. If ¢ is taken as 200 psi-—a 
reasonable value for the average concrete—then the ultimate torsional moment 
of the 72 x 10-in. section used in Mr. Bergman’s example is 57,200 ft-lb. The 
applied torsional moment is 12,600 ft-lb, giving a load factor of 4.54, a value 


which in the writer’s opinion shows that no torsional reinforcement is required. 
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By JOSE SANABRIA* 


The method developed by Mr. Bergman of projecting the helicoidal stair- 
case in a horizontal plane and calculating the bending and torsional moments 
and shearing stresses as in a curved beam loaded normal to its plane is not 
new and has been treated by various authors in the past. As an example, the 
book, Cdleulos de Construccién, by M. Company (G. Gili 8. A. publisher, 
1948), contains in pp. 502-522 a complete description of this method, with 
tables of bending and torsional moments illustrating a particular case of a 
helicoidal staircase. 


*Engineer, Caracas, Venezuela. 
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, ae tsi ; 
Fig. C—Helicoidal concrete ips Sed 
staircase in Caracas . 





We know of many helicoidal staircases that have been designed using this 
method. Fig. C shows a staircase designed by this method by Luis Baez 
Diaz and constructed in his house in Caracas. 

The method is only an approximation, but generally sufficient for the 
majority of cases in actual practice. 

The graph in Fig. 2, as well as the recommendations for determining the 
reinforcement, will be useful in practice. 

Other authors have from time to time attempted a more exact analysis of 
this type of staircase. Among the published papers that we know of, one 
which deserves special mention is by L. Sobrero, ‘‘Calcolo di Verifica di Una 
Struttura Elicoidale Iperstatica,” L’Ingegnere (Rome), V. 8, No. 8, Apr. 15, 
1934. 


By A. C. SCORDELIS* 


The author has presented an interesting and simple approach to the design 


of a helicoidal staircase. The writer has been interested in the analysis and 


design of helicoidal staircases for a number of years since he has on occasion 
had the opportunity to design such structures. Extensive studies have been 
made and are being conducted at present at the University of California on 
the analysis of helicoidal girders. 

In the method presented by the author the simplifying assumption was 
made that sufficiently accurate results could be obtained by analyzing the 
horizontal projection of the helicoidal girder. This reduced the problem to the 
analysis of a bow girder under uniform load, a relatively simple problem. 
While this simplification may be legitimate for design purposes it is still 
important to know, to some extent, what degree of approximation is involved 
in the assumption. All subsequent calculations to determine stresses and 
reinforcement requirements are dependent on the internal forces and moments 
found in this analysis. 


*Assistant Professor of Civil Engineering, University of California, Berkeley, Calif 
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Fig. D—Redundants at bottom 

end of helicoidal girder (Use 

right-hand rule for moment 
vectors) 


Uniform vertical 
load w, /b per 
lineal ft 


It is the purpose of this discussion to compare the results obtained using the 
above assumption and those obtained by treating the girder as a true helicoid. 
The comparison will be made for a girder which subtends a horizontal angle 
of 180 deg and has an angle of slope along the helicoid of 30 deg. The results 
presented were obtained in conjunction with a study of a number of Plexiglas 
models. For this special case of a 180-deg girder, an analysis using the method 
suggested by the author yields internal forces and moments which are inde- 
pendent of the ratio of bending to torsional stiffness (see Fig. 2). 

The helicoidal girder, fixed at the ends, under a uniform load, w, pounds per 
lineal foot of horizontal projection is a structure which is statically indeter- 
minate to the sixth degree. It may be analyzed by considering the six reactions 
at one end (Fig. D) as redundants, and then using the principle of super- 


position the following equations known as the Maxwell-Mohr equations may 
be written, 


Orr 


Our 


In the above equations: 


X,, X,, X, represent the redundant forees in the direction of the z, y, and zs 
respectively 

X,, X,, X, represent the redundant moments acting about the z, y, and 
respectively 


bro, Syv, ete 


displacements due to load w with redundants equal to zero 


ber, bye, etc. displacements due to X, = | 
6 


dey, Syy, ete.-displacements due to X, = | 
bre, dyz, etc.—displacements due to X, | 
5st, dys, etc. displacements due to X,; = | 
dep, Syp, etc. displacements due to X, = | 
Ser, Syr, ete. displacements due to X, | 
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The term displacement is understood to mean angular as well as linear 
displacement. 


To obtain a solution for the redundants, the displacement coefficients must 


be evaluated. This may be done by any convenient method. For example 
if virtual work is used: 


= Ss - bending and torsional moments in girder due to X zs | 
Vi, My, Ty = bending and torsional moments in girder due to X, = | 
El,, El, bending stiffness about r and s axes, respectively (see Fig. | 
GJ, = torsional stiffness, about ¢ axis (see Fig. Eb) 


After the displacement coefficients have been evaluated they may be sub- 
stituted into Eq. (1) through (6). The redundants are found by solving these 
simultaneous equations. The procedure may be simplified considerably in 
the special case of the above symmetrical loading condition by selecting the 
redundants at midspan, since the number of unknown redundants reduces to 
two. The approach, however, is essentially the same. 


To study the effect of various ratios of stiffnesses, four girders of rectangular 
cross section having different width to depth ratios were analyzed. The 
nominal width to depth ratios were 1:1, 4:1, 8:1, and 16:1. The ratio of h/G 
was 2.85 for the Plexiglas material. 


The results of the analyses are shown in Table A. As noted earlier, if the 
structure is analyzed as a bow girder the redundants are independent of the 


stiffness ratios. These values are also shown in Table A for comparison 


The results shown in Table A for the helicoidal girder analyses are plotted 
in Fig. F, which indicates the variation in end reactions with increasing 
width-depth ratio of cross section. It is seen that while the end reactions are 
independent of the width-depth ratio in the bow girder analysis, there is a 
marked change in the reactions when the structure is analyzed as a true 
helicoid. The major difference between the two analyses is that the bow girder 


analysis cannot include the effect of the couple produce by the reaction forces 








Horizontal 
Lire 
S/ope of 
vi Girder 8»30° 


Fig. E—Bending and torsional axes indi- 
cated on section cut normal to longitudinal 
axis of girder 
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TABLE A—REACTIONS AT BOTTOM END OF HELICOIDAL GIRDER UNDER UNIFORM 
LOAD, w, LB PER LINEAL FT OF HORIZONTAL PROJECTION 


Horizontal angle 180 deg. Angle of slope = 30 deg. Rectangular cross section. E/G = 2.85 


| Nominal | Actual | Actual Xs $ x ¥ Xe =. 
| h | wR p ) wR? | wk? 

Helicoidal | 5b 0.245 | —0.268 | 5 0.316 | —0.757 
girder 2 0.244 | —0.857 | 0.528 | —0.223 
analysis | | ms 0.244 | 0.974 f 0.574 —0.117 

0.249 | —1.013 5 0.589 | —0.0813 
How | | 
girder | | | 
analysis | 





5 0.298 


in the x direction at each end of the girder. This couple forms a major part 
of the load resisting capacity of the girder. As the width of the girder is 
increased more and more of the load is resisted by this couple and less and 
less is resisted by the moments X, about the y axis. In the bow girder analysis 
all of the moment about the y axis must be resisted by the moments X 


eo 

As might be expected the helicoidal girder is a much stronger structure than 
is indicated by the bow girder analysis. To form some basis for comparison 
the moment diagrams for bending moments about the r and s axes and tor- 
sional moments about the ¢ axis are plotted in Fig. G, H, and I. These mo- 
ments are obtained by simple statics once the redundants are known. The 
following equations may be used for this purpose, using the notation shown in 
Fig. D and EF. 


+/@ x 


TT » 
| wk - 
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Fig. F—End reactions for uniformly loaded 
Width Depth Ratio of Cross Section helicoidal girder 
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A study of Fig. G, H, and I reveals that in all cases the stresses obtained by 


analyzing the structure as a helicoid are much smaller than those obtained 
from the bow girder analysis. Furthermore, as the width-depth ratio in- 
creases, the bending moments about the r axis and the torsional moments 
about the ¢ axis become smaller and smaller while the bending moments about 
the s axis become larger. These curves show conclusively that the helicoid 
has a great deal more strength than is indicated by the bow girder analysis. 

The discussion up to this point has been limited to the analysis of a heli- 
coidal girder which is assumed to be perfectly elastic and homogeneous. 
Furthermore, it has been assumed that the end reactions and therefore the 
internal forces in the structure may be obtained by analyzing an elastic 
line, defined by the longitudinal centroidal axis, having specified bending and 
torsional stiffnesses (thus neglecting any slab action that might occur in the 
wider girders). 

The first assumption regarding elasticity and homogenity is common to all 
reinforced concrete structures and the lack of these properties must be ac- 
counted for in the factor of safety. The second assumption needs further 
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study. Certainly for girders of small width to depth and width to radius 
ratios this assumption is valid, but for girders having dimensions and radii 
similar to those used in the illustrative example by the author this assumption 
is open to question. While an “exact” elasticity solution of the problem might 
be impractical, model studies might yield sufficient information to establish 
design criteria. 

Finally, the whole problem of stress distribution due to the internal forces 
and moments needs further study. It is the feeling of the writer, however, 
that in a reinforced concrete structure “exact” stress formulas are not neces- 
sary, but in their place approximate methods based on engineering judgment 
must be used in proportioning the cross section and providing the reinforce 
ment necessary to resist the internal forces and moments as obtained by an 
analysis such as has been indicated above. 


AUTHOR'S CLOSURE 


The author thanks the various writers who have discussed his article; he 
feels, and willingly acknowledges, that their contributions have added ma 
terially to the value of the paper. 

The principle topic of their comment concerns the propriety of using the 
admittedly approximate method suggested by the author for the analysis of a 
helicoidal staircase. No charge is raised that the approximate method (which 
reduces the analysis to that of a “bow girder’) is unsafe. On the contrary, 
Mr. Harboe offers an interesting, heuristic explanation of why the actual, 


three-dimensional-space stair slab has a considerable shell action which is not 
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taken into account when treating the problem as two-dimensional, and which 
provides considerable additional strength. 

Professor Scordelis, in a much more extended analysis, involving the com- 
putation of stresses in a helicoidal girder subtending a horizontal angle of 
180 deg and having an angle of slope along the helicoid of 30 deg, comments 
as follows: “A study ... reveals that in all cases the stresses obtained by 
analyzing the structure as a helicoid are much smaller than those obtained 
from the bow girder analysis . . . the helicoid has a great deal more strength 
than is indicated by the bow girder analysis.” 

It appears that bow girder analysis has frequently been applied to helicoidal 
staircases designed abroad. Mr. Sanabria states: “We know of many helicoidal 
staircases that have been designed using this method.’”’ He goes on to say, 
“The method is only an approximation, but generally sufficient for the majority 
of cases in actual practice.”” Here, Mr. Sanabria expresses well the author’s 
attitude toward the subject. 

However, the author wishes to repeat his admonition that “it may be 
deemed advisable, in dealing with large and spectacular structures, to forego 
the simplifications offered by the author.” 

Two of the contributors, Messrs. Gedizli and Sanabria, thoughtfully pro- 


vide references to more exact analyses which have appeared in foreign litera- 


ture. Still another reference, furnished directly to the author through the 
kindness of Armin Hunziker, Lausanne, Switzerland, is the latter’s ‘Freitra- 
gende Wendeltreppen mit starrer Einspannung und horizontale Kreisring- 
triger,’’ which was published in the Mar. 27, 1954, issue of Schweizerische 
Bauzeitung. 

The adjective “exact’”’ applied to an analysis should not be accepted un- 
critically. The various assumptions made in setting up the problem may rob 
the analysis of much of its validity. For example, various exact analyses 
that the author has seen all seem to make one assumption used by the author 
in his presentation of an admittedly approximate method—that the properties 
of the actually wide slab may be considered concentrated along its longi- 
tudinal centerline. In view of the sharp curvature involved, this assumption 
is questionable: for exactness, it may be preferable to analyze the stairway 
as a curved, warped slab rather than as a helicoidal beam. This moot question 
is raised by Professor Scordelis who feels that ‘‘model studies might yield 


’ 


sufficient information to establish design criteria.”” The author earnestly 
hopes that Professor Scordelis will soon publish an account of the results he 
has obtained with the Plexiglas models. 

Professor Marshall voices the opinion that the author fails to give enough 
information regarding the design of shear reinforcement. An attempt will 
now be made to remedy that deficiency. 

It is the author’s belief that the helicoidal staircase is so decidedly an orna- 
mental as well as functional element of construction that its cross section 
should be made adequate to carry the calculated torques and shears, when 
figured as plain concrete, without likelihood of cracking. In this, the author 
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is in thorough agreement with Professor Marshall who “feels that the section 
should be made so that it can resist the calculated torsional moment without 
any reinforcement.” 

Various sets of torsion tests on plain and reinforced specimens have shown 
that the presence of reinforcing steel, both longitudinal and transverse, in- 
creases the cracking strength comparatively little (roughly, some 10 percent) 
over that of a plain concrete member of equal cross section. However, once 
cracking has started, failure of the plain concrete member quickly follows, 
whereas the properly reinforced member still possesses a considerable reserve 
of strength. 

Although Professor Marshall reaches the conclusion regarding the author’s 
numérical example “that no torsional reinforcement is required,” the author 
believes, nevertheless, that conservative design calls for torsional reinforce- 


ment. Furthermore, there are other good and sufficient reasons for providing 
hooping. In the first place, the hoops perform a useful function in locating 
and securing the longitudinal steel. Secondly, the curvature of the longi- 
tudinal reinforcement is in itself sufficient reason for the provision of hooping. 


lor example, where one of the two inner corner bars (adjacent to the concave 
side of the stair slab) is in tension, the tensile force acts to straighten the bar, 
with resultant danger of spalling the concrete. Similarly, where one of the 
two outer corner bars (adjacent to the convex side of the slab) is in compres- 
sion, there is a distinct possibility of the bar’s bursting through the concrete 
cover. 

To some extent, the concrete can resist such bursting or spalling effects 
by the development of shearing and tensile stresses. However, if we ignore 
the concrete’s own strength, we can utilize the following simple expression for 
the stress in a tie bar which restrains a curved longitudinal bar: 


= Stress in longitudinal bar & spacing of ties 
lie tension = - : : 
Radius of curvature of longitudinal bar 


As an example, the radius of curvature of the inner corner bars of the author's 
illustrative example is approximately 6 ft 2 in. = 74 in. Let us assume that 
the spacing of the hoop ties along the longitudinal centerline is 6 in.; then the 
spacing of these radially placed hoops reduces to approximately 4 in. along 
the innermost longitudinal bars. Either of these two corner bars can be 
stressed to its maximum in tension, depending on the position along the span, 
but not both at the same location. If the bars are, e.g., )4-in. rounds, with a 
maximum stress of 20,000 psi, the maximum tension in a bar is 0.60 * 20,000 
= 12,000 lb. Then the tension to be taken by one hoop equals (12,000 % 4)/74 
= 648 lb. If the hoops are *4-in. rounds, the induced unit stress is 648/ 
(2 X 0.11) = 2950 psi, if both horizontal legs of a hoop are considered equally 
effective. 

Let us now consider a corner bar stressed in compression along the outer, 


convex side of the slab. Here, the radially placed hoops diverge from their 
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6-in. (assumed) spacing along the longitudinal centerline, to approximately 
8 in. on center along the outermost bars. The maximum compressive unit 
stress in a bar may be assumed equal to 2n times the concrete stress at the 
same level. If the compressive stresses in the steel is thus found to be, say, 
15,000 psi, then the load on a %-in. round will be 9000 lb, and the tension 
to be carried by the hoop becomes (9000 * 8)/142 = 507 Ib, a value which is 
somewhat less than the 648 lb already found. 

Iividently, the curvature of the main rods is a feature demanding proper 
attention. Another item which should receive consideration is the compres- 
sion in the intermediate longitudinal rods at the bottom of the slab adjacent 
to the supports. Such bars constitute compression reinforcement and should 
be stayed against buckling, possibly by the provision of !4- or *4-in. links, 
tying each bottom bar to its corresponding top bar. Such links would serve 
also as web reinforcement against direct shearing stresses. 

‘To return now to the design of the reinforcement against torsion and shear, 
let us examine Professor Marshall’s claim that “each method gives binders 
at very close spacing.”’ In a direction parallel to each long side, the stress 
triangle area equals 15 tTmaz h/2 = tmas h/4 |b per in. 

The torsional moment of 12,600 ft-lb used by Professor Marshall leads to a 
value for the maximum shearing stress of 


12,600 * 12 
= = 3+ 18- = 68 psi 
72 xX 10 * 10 72 


Then, tnoz h/4 = 68 K 10/4 = 170 |b per in. A %%-in. diameter hoop leg, 
at even a conservative 16,000 psi, can carry safely 1760 |b of tension, so that 
the hoop spacing s = 1760/170 = 10.3 in. on center. 

It, will be noticed that the author in these computations dealing with steel reinforcement 
has not increased the value of the computed 72, in accordance with Fig. 5. As Professor 
Marshall rightly points out, ‘Use of steel reinforcement stressed to its normal working stress 
implies cracks in the concrete. Under these conditions the theoretical analysis will not hold 
To add theoretical corrections to a questionable theoretical analysis might well be considered 
“confusion worse confounded.” 

However, a correction which may quite properly be made, is to reduce the torque vector 
to its component perpendicular to the normal cross section under consideration. This cor- 
rection is made simply enough by multiplying the torque by the cosine of the angle made by 
a tangent to the longitudinal centerline of the slab with the horizontal. The other component 
of the torque is obtained by multiplication by the sine of the angle; this component of the 
torque lies in the plane of the normal cross section and produces a bending moment about 
the short axis of the cross section, i.e., in the strong direction. Thus, if the angle of inclination 
were 30 deg, the corrected torque to be used in the shear calculations would be 12,600 x 
0.866 = 10,900 ft-lb, and the crosswise bending moment would be 12,600 « 0.500 = 6300 
ft-lb 


In the direction parallel to the short sides of the cross section, the situation 
is complicated somewhat by the presence of parallel direct shearing stresses 
which, toward one of the short sides, are directly additive to the torsional 
shearing stresses, (The direct shearing stresses act at right angles to the 
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horizontally directed torsional shearing stresses along the long sides, and usually 
do not produce a resultant shearing stress significantly greater than the value 
of the torsional shearing stress alone. 

The vertical shear at the support, in the author’s illustrative example, 
has a value of 18,150 lb. Its component in the plane of the normal cross 
section is 18,150 cos 30 deg (assuming again the same angle of inclination), 
or 15,800 Ib. Then, approximately, 


30 psi 


This low shearing stress may surely be assigned to the concrete, leaving 
only the torsional shearing stress to be carried by the hoop steel. Here, the 
author will repeat that “the longitudinal tension steel required for bending 
must be proportioned to carry also the longitudinal tensile component of the 
diagonal tension due to torsion; the hoop steel carries only the transverse.” 
Thus, if the required hoop steel is 34-in. diameter at 10.3 in. on center meas 
ured along the longitudinal centerline, then additional longitudinal tension 
steel is required in the amount of 0.11 sq in. for each 10.3 in. measured along 
the centerline of the entire length of a hoop (i.e., all four legs 

The author suggests that the foregoing analytical procedure, when applied 
to sections at or near the ends of the span, should be supplemented and checked 
in accordance with the ideas expressed in the section “Design at the Supports” 
(ACI Journau, Oct. 1956, p. 410). Exactly what modifications are then to 
be made will depend largely on the judgment of the individual designer. 

At this point, the author wishes to state that, regardless of computational 
results, he would not care to use less hooping than 3%-in. diameter hoops ut 
6 in. on center; indeed, he is inclined to feel that, as a minimum, the use of 
14-in. diameter hoops at the same spacing would be justified by virtue of the 
greater rigidity that would thus be provided to the caging of the longitudinal 
steel. 

A different, possibly simpler, approach to the design of torsion reinforce 
ment should be mentioned. It was recommended to the author by H. H. 
Bleich, and is to be found in Rudolf Saliger’s Der Stah/betonbau (Franz Deu 
ticke, Vienna, 8th Edition, p. 369). Professor Saliger makes the assumption 
that cracking in the concrete has progressed to the extent that the steel form 
ing a hoop is uniformly stressed throughout its entire length, and proceeds 


to devise a formula for the hoop steel which may be expressed as follows 


in which A, = required cross-sectional area per leg of hoop 


A 
7 = torsional moment 


8 spacing, measured along the longitudinal centerline of slab 
f, allowable unit stress in hoop steel 
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= rectangular area bounded by the longitudinal centerline of a hoop = hJ,, 
where h, is the distance between centerlines of upper and lower horizontal 
legs of hoop, and b, is the horizontal distance across the hoop, between 
centerlines of legs. 


The corresponding formula for the longitudinal torsion reinforcement. is: 


Tt 
2f A. 


wherein 7’, f,, and A, have the meanings just explained 
A, = cross-sectional area of one longitudinal torsion bar 


t = spacing of longitudinal torsion bars around the circumference of the member 


(Incidentally, Professor Marshall gives these formulas in his paper “Experi- 
ments on Plain and Reinforced Concrete in Torsion,” where he calls them 
Rausch’s formulas. ) 

Paul I. Rongved, in Part 2, December, 1956, ACI Journan (p. 1280), 
suggests that these formulas be incorporated in the ACI Building Code, 


‘ 


together with a specification that “Torsion shear stresses alone shall not exceed 
those specified for shear in Section 305, and if combined with all other shearing 
stresses, this combination shall not exceed 150 percent of those specified for 


” 


shear. 


These formulas will now be applied to the 12,600 ft-lb torque already 
considered (without reduction of the torque by multiplication by the cosine 


of the stair’s inclination). With %4-in diameter hoops, the cross-sectional 
area of one leg is 0.11 sq in., leading to a longitudinal spacing of: 


2 X 16,000 X (8.375 & 70) & 0.11 - 
12,600 * 12 cae pee 
a value which does not differ greatly from the 10.3-in. spacing previously 
calculated. Neither value could be considered excessively small: the author 
considers such spacings over-large. 
The corresponding longitudinal torsion steel equals: 


12,600 * 12 &K 2 (8.375 + 70) 
a no 1.26 sq in. (total) 
2 (8.375 & 70) & 16,000 


or: add 0.63 sq in, to top longitudinal steel 
add 0.63 sq in. to bottom longitudinal steel 


Naturally, where some of the main longitudinal reinforcement is in com- 
pression, or only lightly stressed in tension, part or all of the additional longi- 
tudinal steel may prove unnecessary. 

For simplicity, the author has discussed the questions of the hoop steel as 
torsion reinforcement and the hoop steel as ties for the curved longitudinal 
steel, as if they were independent problems, as indeed they are. Nevertheless, 
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the total unit stress in the hoop steel, from both causes, should not exceed 
that permitted by the governing code. 


In closing, the author would like to present a few thoughts on the question 


of whether it is proper engineering to employ the “approximate” design 
instead of an ‘‘exact”’ analysis. Since there seems to be no question about 
the safety of the approximate design method, the main remaining objection 
would seem to be that the approximate method is ultra- or over-conservative, 
and therefore uneconomical. 

To date, in this country, there does not seem to have been published any 
convenient treatment of the exact analysis, such as that provided (in German 
by Fuchssteiner and Gedizli. Until this shortcoming is remedied, the expendi 
ture of considerable time and drudgery will burden the ordinary American 
designer who attempts such an analysis. And what is to be gained by such 
an analysis? To save even as much as 4 or 5 cu yd of concrete in a stairway 
of moderate size, the exact analysis would have to cut the slab thickness in 
half. The resulting reduction in effective depth would minimize any possible 
savings in reinforcing steel. In formwork, usually the most important single 
item of cost in such a stairway, the savings would be practically negligible. 
Furthermore, there would remain the real problem of securing the approval 
of the local building department authorities, who might view the thinner slab 
of an exact analysis with such distrust that they would require an independent 
check to be made on the design, or even a loading test to be performed on the 
completed stairway before acceptance. In short, the savings which one might 
hope to obtain by means of an exact analysis may prove more apparent than 
real, 
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Discussion of a report by Subcommittee ||, ACI Committee 325: 


Considerations in the Selection of Slab Dimensions 


By BENGT F. FRIBERG and SUBCOMMITTEE 
By BENGT F. FRIBERG} 


The work of ACI Committee 325—Structural Design of Concrete Pave- 
ments for Highways and Airports—constitutes the first known attempt to 
collect miscellaneous published information for determination of the structural 
features of conerete pavements for highways and airports. Earlier sub- 
committee reports in the series cover structural design considerations for: 
(1) pavement joints (July 1956 ACI Journat); (2) subgrades and subbases 
(August 1956 ACI JourNAL); and (3) pavement reinforcement for crack 
control (October 1956 ACI Journat). 


The report “Considerations in the Selection of Slab Dimensions” has more 
direct bearing on the structural dimensions of concrete pavements than the 
earlier subcommittee reports. It presents design guides, many of which have 
been used on large mileages of highways. As exemplified by pavements with 
satisfactory structural performance as designed up to the present time, there- 
fore, many of the design guides proposed in this report are supported by 
practical experience. 


Most of the design criteria suggested in the Subcommittee IL report have 
not heretofore been available for public discussion. Careful study of the 
suggested design principles is therefore appropriate before the design con- 
siderations have solidified into accepted standard design procedures of some 
longevity. This discussion is motivated by that need, and is no reflection 
upon the prodigious and valuable committee work. Rather, it is an attempt 
to suggest continued attention to the inadequately known and perplexing 
warping stress influences in concrete pavement design. Neglect) of these 


stresses is not favorable to progressive improvement in design reliability. 


BASIC DESIGN CONSIDERATIONS QUESTIONED 


The safety against failure in the design consideration for corner loading of 
highway slabs is verified by the relative infrequency of highway corner fail 
ures. However, transverse cracks in highway pavement slabs are a more 
common evidence of critical stresses in present day highways, which are not 

*ACI Jounna, Nov. 1956, Proc. V. 53, p. 4433. Dise, 53-24 is a part 
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provided against by corner load stress formulas. Transverse cracks appear 
to depend upon material and environmental characteristics more than upon 
traffic loads. Design considerations which neglect the stresses away from 
corners of slabs do not cover the most critical design case. 

A question of principle, therefore, concerns the procedures which propose 
to commit a substantial part of dominant stress combinations to the realm 
of the safety factor. In simple terms the proposed thickness design stress 
considerations provide for: 


(a) Highway slab design for corner traffic loads only. 
(b) Airport slab design for interior traffic loads only. 
(c) Exelusion from design of temperature warping stress determinations: 
(1) For plain concrete pavements, by arbitrary limitation on slab strength, based on 
experience with relatively thin slabs. 
(2) For reinforced concrete pavements, by providing for the transverse cracks which 
might occur in longer slabs because of excessively high combined warping and 
traffic load stresses, through steel intended to keep the cracks closed. 


In accord with the above suggested principles, the only stress formulas 
included are for corner loads on the highway slabs and interior loads on air- 
port slabs. The presence of temperature warping stresses is acknowledged and 
their consideration is suggested for plain concrete pavements but no guide to 
this consideration has been presented. 

Combinations of load stress and warping stress apply especially for edge 
and interior loadings during daytime warping with maximum combined ten- 
sion at the bottom of the slab directly under the load. As verified theoretically 
and experimentally for highway slabs, edge load stresses are of the same 
general magnitude as corner load stresses. This applies where joints are not 
doweled, and edge load stresses would be substantially higher than corner 
load stresses at doweled joints. Consideration of edge loads is believed to 
provide a more representative design condition applicable to both highway 
and airport slabs than the different loadings suggested for these two facilities. 
Inclusion of methods of determination of flexural stress for edge loading, 
applicable to wheel loading on day-warped slabs, is suggested. 


TEMPERATURE WARPING STRESS IN DESIGN 


The stresses referred to as ‘‘warping stresses’”’ are, more correctly, warping 
restraint stresses. In the unloaded slab the restraint to warping can derive 
only from the slab’s own weight and the subgrade’s resistance to deflection; 
full restraint must exist in flat portions of long uncracked slabs some dis- 
tance in from the ends and cannot exist in unloaded slabs shorter than the 
length necessary to develop a corresponding deadweight moment, a minimum 
of about 22 h for maximum day warping computed for extremely stiff sub- 
grades up to about 35 h for subgrade k of 100 lb per cu in. With axle load on 
the slab, warping restraint stresses should be expected to reach full restraint 
under edge and interior axle loads in somewhat shorter slabs without appreci- 
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able relieving effect on the stress component due to wheel load. It is suggested 
that full warping restraint stress 


pated 
= fC 2° 


should be considered in slabs 30 A long, and longer, pending inclusive research 
on temperature warping and its effect in slabs of different thicknesses and 
lengths, and on various subgrades. In the proposed consideration attention 
has been given to the thermal coefficient of expansion ¢ exclusively. It is 
suggested that warping restraint stresses to be used in design require equally 
careful appraisal of F and temperature gradient f. 


The modulus of elasticity 2 of concrete which should be used for combined 
stresses is undoubtedly lower than the initial tangent modulus, and £ in 
tension also is believed to be lower than F in compression; for some aggregates 
it appears to be substantially lower. The EF value used in Fig. 1 and 2 is 
believed to be higher than justified for normal concrete pavement design 
conditions, at the age, strength, and stress value proposed for consideration. 


The temperature gradient t, for which a design value of 3 deg F per in. 
depth is indicated, is dependent on pavement depth as well; that value would 
seem to apply only to thin pavements. The temperature gradient obeys 
physical diffusivity laws. For the most severe design condition, daytime solar 
temperature rise, the temperature gradient decreases with increasing depth; 
the warping restraint tension stress is proportionate to the difference between 
the mean slab temperature and the temperature at the bottom, and is corre- 
spondingly decreased. Accordingly, the maximum temperature warping stress 
in 12- and 15-in. slabs appears to be more nearly equivalent to a linear tem- 
perature gradient of 2.5 and 2.0 deg F per in. depth, respectively, resulting in 
equal full restraint stress in 12- and 15-in. slabs, only about 10 percent higher 
than in 9-in. slabs. No published information is known giving observed tem- 
perature gradients in the thick airport slabs. 


The thermal conductivity of concrete is the basic property determining 
the temperature gradient, which is the direct cause of warping and warping 
restraint stresses. It appears to be drastically influenced by subgrade and 
concrete moisture content. As observed on a 7-in. experimental pavement for 
July warping,* experimentally produced exceptionally dry subgrade decreas- 
ed the thermal conductivity of the concrete and resulted in unusually high 
temperature gradient; a fairly wet subgrade, which is a normal condition, 
resulted in a much lower linear maximum temperature gradient of only 2 deg 
F per in. depth. This observation is noteworthy as indicating low tempera- 
ture warping for the conditions which would be most conducive to moisture 
warping. Handbook values of thermal conductivity for concrete show a 
range of 2 to 1, and for aggregate minerals used in concrete a range of 5 to 1, 
indicating the need for further research into these important relationships. 





1236 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1957 


Observed temperature warping deflections of “short” slabs are much greater 
than computed for theoretical assumptions of restrained warping; the change 
in warping restraint stresses must be correspondingly lower. These excessive 
warping deflections can be explained by a rate of subgrade reaction, k, for 
the cyclic warping much lower than normally applicable to the rapidly im- 
posed traffic loads, or by the existence of voids under slab ends and edges 
except for downward maximum daytime warping.* In either case short slabs, 
or end portions of long slabs, would be able to assume or approach the curva- 
ture of unrestrained warping. ‘The restraint stress is a result of subgrade 
reaction shift toward the ends or edges; for the low rate of support near the 
ends, restraint stress builds up slower and reaches full restraint at greater 


distance from the end than theoretically proposed. While unsupported near 


the ends, the slabs are stressed as cantilevers, which stresses are not in- 
creased appreciably for the additional night warping of short slabs; however, 
these negative stresses would serve to decrease edge load stresses in longitudi- 
nal direction some distance from the ends under all conditions, except maxi- 
mum day warping. The distance from the ends to sections of full restraint 
stress would be increased, possibly to 15h also for loaded slabs. For design 
purposes restraint stresses in shorter slabs could be assumed to increase at a 
parabolic rate, proportionate to the square of the distance from the end up 
to the distance from the end at which full restraint stress is reached; which 
rule would apply to maximum stress at midlength of slabs shorter than 30h. 
Such tentative day warping stress determinations would give fair reality to 
combined stresses. 

The above examples suffice to show the urgent need for exhaustive research 
into pavement warping and restraint stresses. Such research could be ex- 
pected to remove the mystery of seemingly high combined stress in pavements 
with excellent performance, also to explain some design failures. Deliberate 
omission of warping stresses from pavement design would only serve to impede 
research, and appears to be a less wise alternative to their inclusion with 
admittedly tentative and approximate guides. 


DESIGN STRESS QUESTIONED 


It has been proposed to limit the stress due to wheel load to one-half of 
the flexural strength at mature age for the expressed purpose of avoiding 
fatigue. ‘This limitation and the safety factor are not realistic, firstly, be- 
cause combined stresses are higher, secondly, because fatigue stress deter- 
mination would undoubtedly be based on strength at greater age which may be 
substantially higher. It is submitted also that impact factors should not be 
added to stresses based on fatigue loading. It is suggested that some 30 to 
50 percent higher design stress than proposed could be applied to maximum 
combined load and warping stress. 

Insofar as the proposed design criteria may result in pavement thick- 
nesses Which have been found adequate in actual construction, the here 
suggested use of higher combined stress and a higher design stress may appear 





SELECTION OF SLAB DIMENSIONS 1237 


academic. This would be so if both load stresses and warping stresses were 
singularly related to slab thickness; however, while load stress changes in 
inverse proportion to h*, warping stress changes in more nearly direct pro- 
portion to h. The combined stresses, then, change with change in thick- 
ness at a different rate than what applies to change in load stress alone. It 
is common to see old pavements with fortunate choice of aggregates and en- 
vironmental conditions withstand traffic and full warping restraint in long 
slabs; some other aggregates have been observed to cause substantial increase 
in cracking of all but the shortest slabs. This suggests a fairly narrow division 
between stresses of critical magnitude and those satisfactory for long service. 


The safety factor which has been proposed does not appear to permit realistic 


design, taking all variables of load and materials into account. 


THICKNESS DESIGN FOR AIRPORT PAVEMENTS QUESTIONED 


Design for interior loads only has been proposed for airport slabs. Tests 
on model slabs* indicate edge load stresses to be from 1.5 to 2.0 times the 
stresses for interior load, and tests on full-scale slabs with doweled or keyed 
joints show that edge load stresses average 130 percent of interior load stresses.° 
Interior loads accordingly are not design loads determining the maximum 
stresses in airport slabs. The presence of warping stresses makes considera- 
tions of interior load still more unrealistic. 

In the thick airport slabs warping stresses are only slightly higher than in 
much thinner highway slabs; furthermore, dimensions of airport slabs are 
frequently so limited that full warping restraint stresses cannot be reached. 
The real combined edge load and warping stresses can be accommodated 
with a safety factor consistent with loading and material limitations. 


FRICTIONAL PAVEMENT STRESS 


The proposed Eq. (1) is not believed applicable to design; its validity is 
doubtful, because it leaves out consideration of the elastic and plastic prop- 
erties of concrete. If the equation were valid the cracks should quickly 
attain some minimum spacing at early age when the concrete strength is low, 
and the crack spacing should be relatively independent of other concrete 
properties than strength, both of which conditions are at variance with obser- 
vations. Crack and joint spacing in conventional-length mature pavements 
is dependent on the much greater warping and load stresses and other in- 
fluences, compared to which frictional stress is without significance. Fric- 
tional stress is applicable only to dimensioning of steel crossing a crack or 
joint, with total capacity only a fraction of the concrete’s tension capacity. 


REFERENCES 


1. Johnson, J. W., “Relationship between Strength and Elasticity of Concrete in Tension 
and Compression,’ Bulletin No. 90, lowa State College, Ames, 1926 

2. “Experimental Concrete Pavement, Topeka, Kansas,’’ State Highway Commission of 
Kansas, Lawrence, 1949. 








1238 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1957 
4. Friberg, Bengt F., “Pavement Research, Design, and Prestressed Concrete,’’ Proceed- 
ings, Highway Research Board, V. 34, 1955, pp. 65-84. 
4. Mellinger, F. M., and Carlton, P. F., “Application of Models to Design Studies of 
Concrete Airfield Pavements,’ Proceedings, Highway Research Board, V. 34, 1955, pp. 57-64. 
5 Final Report, Lockbourne No. 2,’’ Corps of Engineers, Ohio River Division Labora- 
tories, June 1950. 


SUBCOMMITTEE CLOSURE 


As Mr. Friberg has stated, the report of Subcommittee IL on “Considera- 


tions in the Selection of Slab Dimensions” is based on principles which have 


been used on large mileages of concrete pavements that have given satisfactory 


structural performance. In the development of design theory, and in its ap- 
plication, it frequently is necessary to make assumptions, the correctness of 
which must influence the accuracy of the design. Pavement design is by no 
means free of unavoidable uncertainties, for even in the development of the 
theory, reasonable assumptions were necessary regarding such matters as 
radius of load distribution, the equivalent radius of resisting section, the in- 
fluence of subgrade support, and others. Then in the application of the theory, 
reasonable assumptions must be made on several matters, such as tempera- 
ture differentials, subgrade friction, and constancy of subgrade support, on 
which the known information is none too definite. 

Regarding the basic design considerations, it was fully recognized by the 
committee that transverse cracking is more frequent than corner cracking, 
but both types of cracking are fully taken into account. It is inevitable that 
in a pavement slab transverse cracks will develop, due principally to warping 
stresses but aided also by traffic stresses as well. However, it is shown that 
warping stresses are critical when the slab exceeds given lengths and that 
they are of no serious consequence if the cracks are held together with rein- 
forcing steel. Warping stresses are serious in unreinforced slabs and there- 
fore plain slabs must be designed as to length to keep the warping stresses 
within reasonable limits. Load stresses on pavements are largest along the 
edges and at the corners, and therefore the case of interior slab stresses was 
purposely omitted, except in the case of airport runway design. The corner 
stress was selected for the design of the pavement thickness because if a corner 
forms anywhere it can cause serious breakage in the pavement, for a corner 
break produces a small slab subject to impact conditions and progressive 
deterioration. 

Mr. Friberg points out that airport slabs are designed for interior traffic 
loads only, whereas highway slabs are designed for corner traffic loads only. 
He suggests that no guide has been given for the use of warping stresses in 
pavement design, but this matter has not been neglected in the committee 
report as evidenced by the inclusion of a discussion of warping by E. F. 
Kelly and the inclusion of curves showing temperature warping stresses in 
the interior and at the edge of the slab. No formula for temperature warp- 
ing stresses has been given such as the well-known Westergaard formula apply- 
ing to slabs of infinite length, but more particularly the formulas of Bradbury 
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(“Reinforced Pavements,” by R. D. Bradbury, and published by Wire Rein- 
forcement Institute) and those by k. F. Kelly (Public Roads, July 1939, p. 
96), both applying to slabs of finite dimensions. ‘The reasons for not including 
formulas for warping stresses in the report are explained by the committee, 
which felt that certain basic knowledge was missing and therefore resort 
was had to the statement of practical rules for determining the length of un- 
reinforced slabs based on past observation and experience. 

The committee agrees with Mr. Friberg that a great deal of research is 
required to obtain all of the data which seems to be necessary for a theoretical 
determination of warping stresses. We are not unaware of many of the points 
he has brought up, but of course the writing of a design report would be long 
delayed if the publication of the report were dependent upon the clarification 
of all of the minor uncertainties. 

Mr. Friberg questions the design stresses used. It is to be admitted that 
more data on the fatigue of concrete would be valuable, but such data as we 
have indicate that if the maximum bending stress exceeds half of the modulus 
of rupture we can expect the concrete to suffer from fatigue. The tests 
(‘Fatigue of Concrete,” Report No. 34-1, Illinois Division of Highways) were 
made on beams subjected to repeated loads at their ends with perhaps a 
period of recovery which was measured in seconds. The question naturally 
arises how this form of test compares with actual conditions in the pavement. 
The committee used the best information obtainable. The theory involved 
the selection of a wheel load which would not be repeated often enough to 
cause fatigue because the stress would not exceed half the modulus of rupture. 
The addition of an impact factor on this wheel load was intended to make 
for extra safety and to provide for unknown contingencies. 

Regarding slabs for airport design, Mr. Friberg mentions some model tests 
and their indications of higher edge load stresses than interior stresses. ‘This 
may well be the case, but keep in mind the larger contact areas of tires which 
prevent full edge or corner loadings on interior slabs. Possibly there is 
doubt about the criterion used by the committee for airport design being 
truly realistic, but the fact is that airports designed on the basis suggested 
seem to be acting satisfactorily. 

Regarding the question of frictional pavement stress, as explained the 
concrete tension due to pavement friction is quite low and the “drag theory” 
is useful principally in making an estimate of the amount of longitudinal, 
transverse, and tie bar steel necessary to hold the slabs together and prevent 
breaking of the steel and possibly for determining the cracking of the slabs 


a few hours after they have hardened. Undoubtedly warping tensile stresses 


in concrete are much more significant than those due to subgrade friction. 

It is evident that if we are ever to have a rational theory for pavement 
design in which all of the governing factors are accounted for in a truly scien- 
tific manner, a tremendous amount of experimental work is necessary. But 
this work would require years of investigation and in the meantime pavements 
are being built and, therefore, we must use our known theory as accurately 
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as possible, making as reasonable assumptions as we possibly can in the use 
of the theory. But at the same time we must be ever on the alert to observe 
the pavements in our respective localities to determine their behavior, for 
thus will we be able to gradually accumulate more accurate basic knowledge 
which will permit a more accurate application of our theory. Incidentally, 
concrete pavement design theory probably is as well developed as most other 
design theories which when applied with good judgment are giving excellent 
results. 


Mr. Friberg deserves much commendation for reminding us of the many 
facts we don’t know about concrete pavement design, and for pointing out 


specifically the paths that we need to tread in future investigations. 
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Discussion of a paper by Charles S. Whitney and Edward Cohen: 


Guide for Ultimate Strength Design of 
Reinforced Concrete’ 


By TUNG AU, DAVID H. CHENG, C. W. GRIFFIN, JR., A. ZASLAVSKY, and AUTHORS 


By TUNG AUt 


The authors have indeed added some pertinent information for the design 
of reinforced concrete which is unavailable in the Report of the ASCEK-ACI 
Joint Committee on Ultimate Strength Design.' Since the earlier works of 
Mr. Whitney?:* have been adopted as the basic tenets of the Joint Committee 
teport, the recommendations in this paper are authoritative as well as useful. 

In the case of design of eecentrically loaded columns, the ultimate strength 
method provides more reserve strength for overload condition and is no 
doubt a safer and more satisfactory method of design. However, the Joint 
Committee Report leaves some unsettled questions in this regard which have 
been raised by the writer.‘ It is gratifying that the present paper supplies 
not only the additional design equations in the form of Eq. (29) and (30), but 
also the design charts for both square and circular columns with round cores 
loaded eccentrically. Aside from the fact that these charts provide time- 
saving aids in design, they also circumvent the need of establishing equations 
for limiting loads which are equally likely to cause failure in tension or in 
compression. In the charts of this paper, the intersections of the tension and 
compression curves represent the limiting loads. With many values of D,/l 
and f,, or D,/D and f,, as the case may be, the limiting loads thus defined are 
necessarily approximate, but are close enough for design purpose. 

While the design charts in this paper are theoretically applicable to sections 
which may be controlled either by tension or compression, they are not en- 
tirely satisfactory for sections controlled by tension due to close spacings 
of e’/t or e’/D lines in this range. Design charts in a different form more 
suitable to cover the range controlled by tension have been prepared by the 
writer.° These latter charts are, in a way, similar to the diagram for ree- 
tangular members prepared by the Portland Cement Association and rec- 
ommended as Fig. 6 in the Joint Committee Report. 

In order to use Eq. (29) or (31) directly for the design of section controlled 
by tension, the limiting load must be specified for each case. For square 
sections with round core, the Joint Committee Report assumes that half of 


*ACI Jounnat, Nov. 1956, Proc. V. 53, p. 455. Dise. 54-25 is a part of copyrighted Jounna. or THe AMERICAN 
Concrete Inerirure, V. 28, No. 12, June 1957, Proceedings V. 53. 
tAssistant Professor of Engineering Mechanics, University of Detroit, Detroit, Mich. 
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the steel is effective on each side of the section and that the effective (d — d’) 
equals 0.67D,. Hence the limiting load for balanced design can be obtained by 
straightforward substitution as follows: 


90,000 e 
P, = Py = 0.36 — - }(¢ + 0.67 D,) tf. 
90,000 + f, 


For circular section with round core, however, the derivation of the limiting 
load is less obvious. First of all, the Joint Committee Report suggests that the 
equivalent depth of the concrete section is taken to be 0.8D, but mentions 
nothing about the equivalent width. It is entirely possible to assume the 
equivalent width to be 0.8D also although such assumption gives values of 
P, far below the values represented by the intersections in the design charts 
of this paper. Since the area of a circle is 0.785D%, it is perhaps more logical to 
surmise that D will be the approximate equivalent width so that the area ¢? 
for a square section is replaced by 0.8)? for a circular section. Furthermore, 
the Joint Committee Report suggests different assumptions of effective (d 

d’) as well as effective steel area for sections to be controlled by tension or 
by compression. In the case of tension failure, it is assumed that 40 percent 
of the total steel area is effective on each side of the section and that the effec- 
tive (d — d’) equals to 0.75D,. In the case of compression failure, the assump- 
tions remain that half of the total steel area is effective on each side of the 
section and that the effective (d — d’) equals to 0.67D,. This raises the 
question whether the effective depth of the circular section should be taken as 
15, (O8D + 0.75D,) or 16 (O8D + 0.67D,). It has been found that the 
former depth gives P, closer to the values indicated in the design charts of 
this paper and is perhaps a better criterion. Thus, the limiting load for a 
circular column with round core becomes: 


40,000 
O.36 - (0.8 D + 0.75 D,) Df.’ 
90,000 + fy 


The confusion due to different assumptions for effective (d — d’) of a cir- 
cular section can probably be avoided if the design equation for section con- 


trolled by compression as represented by Eq. (82) is adjusted by letting 
(d d’) equal to 0.75D, also. Then, it leads to: 


Aste 


9.6 D e’ 
(0.8 D 4+ 0.75 D, 


+ 1.18 


This equation practically coincides with the theory advanced by Hognestad® 
and checks closely with his test results. It is hoped that the future building 
code requirements on ultimate strength design will provide such adjustments. 
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In order that Charts 4 through 15 in the paper may be used for most cases 
in actual practice, the upper limit of pym 1.0 should perhaps be raised 
since the ACI Building Code? permits the use of 8 percent of steel reinforce- 
ment in rectangular tied columns subject to combined axial and bending 
loads as well as for square and circular columns with spiral reinforcement. 
Furthermore, the dimension e = e’ + d/2 in Fig. 6 and 7 as well as in the 
legends for Charts 8 to 15 inclusive should probably be deleted since ¢ is de 
fined as the eccentricity of axial load measured from centroid of tensile steel, 
In the case of square or circular column with round core, the centroid of ten 
sile steel does not lie at a distance of d/2 from the center of the column and 
the term e = e’ + d/2 becomes misleading. Also, in a column with a round 
core, the diameter of the circle passing through the centers of reinforcing 
bars can better be denoted by D, as in the ACL Building Code? rather than 
by the term d which has been used for more than one meaning in the Joint 
Committee Report. However, these points are only of minor importance and 
do not detract from the paper as a valuable guide for ultimate strength de 


sign of reinforced concrete. 
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By DAVID H. CHENG* 


This paper represents another welcome professional contribution by the 
authors. Ever since the publication of the Joint Committee Report on ulti- 
mate design in reinforced concrete, followed by its adoption as an alternative 
design method by the ACI Building Code, ways and means have been ear 
nestly sought by practicing engineers to get acquainted with the new method. 
This timely article, together with the excellent collection of design charts 
seems to fulfill the current demand. 

Among the many ultimate theories recommended, that of Mr. Whitney’s 
is outstanding for its simplicity. This was achieved by introducing an artificial] 
depth for the compression zone. If the artificial quantity so introduced satisfies 
all the static requirements, and at the same time is determined by existing 


*Assistant Professor, City College of New York, New York, N. Y. 
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test data, then there is nothing improper involved. With this point cleared 
away, the ultimate theory for simple beams may be explained with very little 
difficulty. 

Fig. 1 shows a typical under-reinforced beam resisting an ultimate mo- 
ment. An under-reinforced beam is one in which the steel yields first. Owing 
to the ability of the steel to sustain large strain after the first yielding, and 
on the other hand, to the inability of the concrete to match with the steel 
strain in preserving a plane section under bending, the concrete usually is 
crushed before the steel breaks. However, this is primarily a steel failure, 
since at the impending failure of the section, the steel has yielded long before 
the concrete. Therefore, the ultimate capacity of the section can be computed 
by multiplying the yield strength of the steel by the lever arm. Eq. (1) to (6) 
explain the complete derivation for under-reinforced beams. Solving Eq. 
(6) for p, Ikq. (9) is obtained. 

IXq. (6) implies that the ultimate moment capacity increases with the steel 

ratio. Obviously, there must be an 

Cs ass fab optimum steel ratio above which the 

capacity of the beam depends on the 

O/2 strength of the other partner, concrete, 

rather than steel. Fig. A shows a beam 
section conforming to such a condition 
where the concrete reaches its ulti- 
mate strength before the steel de- 
velops its yield strength. This section 
4 < 4 b= beam may rightfully be called over-rein- 
width forced. Taking moment about the 

Fig. A—Over-reinforced beam center of reinforcement one gets: 


M, 0.85 f.’ abe 


= 0.85 f.’ ab (d a/2) 


Simplifying, the following equation is obtained: 


a\? a 2M. 
2 t 
d d O.85 f,' bd? 


Solving the quadratic equation for a/d, it yields: 


2.35 M, 


V fi ba 


it follows then: 
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iq. (f) and (g) are identical with the authors’ Iq. (7) and (8), and in the 
writer's opinion, they can only be derived for over-reinforced beams 

When the moment capacity of the beam is governed by the concrete, no 
useful purposes would be served by increasing steel ratio. Since the concrete 
strength can never be predicted as accurately as the steel, and for many other 
practical reasons, it would be good engineering to make all beams under-rein- 
forced. 

The critical steel ratio corresponding to the simultaneous failure of both 
materials was shown [Eq. (12)] to be much higher than that predicted by the 
existing elastic theory. Consequently, beams designed by the conventional 
method are all very much under-reinforced. It can be shown that a simple 


formula can be used with reasonable accuracy instead of Eq. (9). It is: 
M, 
Pre = . ~ h 
f, jbd 


where j varies within narrow range. For average conditions, a value of 7/8 
should be satisfactory. Thanks to its familiar appearance and simple form, 
iq. (bh) should be convenient for preliminary investigations. 

The writer was thoroughly interested in the short treatment of the subject of 
bending about two axes. No doubt this is a topic of much practical impor 
tance, but there is very little known. The writer concedes that the general 
approach suggested by the authors is logical, but the final solution is still far 
from being complete: e.g., the nature and limit of the concrete strain on a corner, 
the equivalent stress block, the true location of the zero stress line, and the 
distribution of reinforcement in the section, all of which have direct bearing 
on the problem. However, more light might be shed on the subject by a 
systematic laboratory investigation. 

Finally, the writer hopes that a set of numerical examples designed to 
illustrate the versatility of the charts might be forthcoming 


By C. W. GRIFFIN, JjR.* 


The universal bending chart for flexural members reinforced in tension 
only entails a rather cumbersome procedure for the design of beams and slabs 
Since on a particular job the variables f, and f, are almost always constant if 
is useful to have separate design charts for different values of these variables 
from which direct values of A, as a function of 7, can be selected for dif 
ferent values of b and d. Following is the derivation of the formula, using the 
rectangular stress block, from which such graphs can be plotted 


By > F =0 By > M =0 


0 85 f.' ab = A Jy V, ha te £6 a/2 


*Structural Engineer, Allabach & Rennis, Inec., Philadelphia, Pa, 
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Kquating the values of a results in a quadratic equation 

fyi Ad — 1.7 fel bd fy Ae + 1.7f-'b My = 0 
Solving for A, yields 


LT fe bd — VATS! bd)? — 685 6M, 
2s, 


A, 


Substituting b = 12 in. for slab design gives A, required for 1 ft slab width. 
Beam charts can also be plotted, setting b = 10 in., dividing beam moment 
by the ratio of beam width to 10 in., and then multiplying A, for 10 in. by 
the same ratio of beam width to 10 in. 


By A. ZASLAVSKY* 


I refer to the section on slender compression members (p. 471). In authors’ 
Iq. (38): 


PY = P,(1.6 — 0.041/t) (38) 


P, is specified (also) as the carrying capacity of short columns under com- 
bined bending and concentric load, while under the ACI Code (A14) this 
load is apparently meant to be the (theoretical) ultimate concentric load P, 
for short columns: 


Py. = P18 — OO41/)...... Powad (Al14) 
That would imply that the carrying capacity P, in combined bending and 
concentric load (which is independent of //t) would then also apply for slender 
members whenever it is smaller than the value P,’ as given by Eq. (A14). 
Thus in the case of large eccentricities the slenderness would have no influence 
at all; is Eq. (38) meant to correct this situation? 


By comparison, Russian codes take slenderness into account (already when 
l/t > 10) by increasing the (initial) eccentricity e’ by a flexibility factor a >1: 


(1) 
This factor is given by: 
400 
where: 8 = P,/btf.'; t = depth of column in direction of bending; 1 = buck- 
ling length; and 400 is an empirical coefficient. 


l 


*Civil Engineer, Institute of Technology, Haifa, Israel. 
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In addition, the column must be checked against buckling (in the direc- 
tion of the section’s smaller dimension) assuming the load P, to act con- 
centrically, analogous to Eq. (A14). 


Eq. (j) is analogous to the well-known case of an initially deflected slender 
bar (deflection 6,) compressed by an axial load P. The final deflection equals: 


6, 


1 — 


ne, 


Pe 


where P., nr? HA(r/l)? is Euler’s buckling load. 

In the case of slender members the factor @ is substantially greater than 
unity. As an example take a square column 20 x 20 in. of | = 27 ft unsup- 
ported length under the action of an eccentric (e’ = 12 in.) ultimate load 
P,, = 480,000 lb. In this case (assuming f.’ = 3000 psi): l/t = 16.2;8 = 0.4 
and a = 1.36. This means an effective eccentricity of: e.7, = 1.36 * 12 in. 
= 16.3 in. 


AUTHORS’ CLOSURE 


The authors wish to thank the writers whose discussions appear above as 
well as those who have not made formal submissions for making available 
their views and comments on this subject. 

The purpose of this paper is to serve as a guide for the use of the ultimate 
strength section of the present ACI Building Code and therefore the authors 
have undertaken only to explain and supplement the Code, not to alter any of 
its provisions. In those cases where the equations in the Code and the paper 
differ in other than notation, the changes have been made to give what the 
authors believe to be the true intent of the Code. This is the case with re- 
spect to Eq (A3) and (18), (All) and (28), (A14) and (38). They regret the 
inadvertent differences in notation with respect to columns with circular 
cores. However, it should be noted that the definition of D, in the code is in- 
tended to be the same as that given by the authors for d in columns with 
circular cores. 

Mr. Cheng has verified the formulas for under-reinforced sections and has 
found that the straight line formulas with an average value of 7 approximate 
the required steel ratios for flexure only as computed by the ultimate strength 
method. However, the authors do not feel that such an approximation is 
necessary because c/d, which is equivalent to 7, varies between 0.765 and 1.00 
as limits and may be computed readily for under-reinforced flexural members 
as follows: 


c/d = 1 — 0.235 P/Po 
where 


Po = 0.4 — 
Sy 
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Although the authors agree that further study and additional tests on sec- 
tions under unsymmetrical bending with and without axial load are desirable, 
the method outlined under “Axial Load with Bending About Both Axes,” 
(p. 469) is believed to be conservative. It is planned to submit a complete 
set of design examples in the near future. 

Mr. Griffin has prepared the basis for a useful design chart for a particular 
case, one which is often encountered. 

The authors have used the design charts of this paper over a period of 
several years with satisfactory results, but Prof. Au’s suggestions for im- 
provements are welcome, of course. Limiting loads other than those provided 
by the design charts, as noted by Prof. Au, or Eq. (30) and (32), are not 
required for the use of Eq. (29) and (31). Eq. (b) of the discussion is not 
applicable to the rectangular stress block method of design. 


Prof. Au’s comments regarding the refinement of Eq. (32) [(AI 1) of the 


ACI Code} are interesting. However, since the only test of the accuracy 


of these formulas is experience and agreement with test results, such refine- 
ments are academic at this time and beyond the scope of the authors’ paper 
which was based on present code requirements which give slightly lower 
capacities than the formula suggested by Prof. Au. Note that Eq. (29) to 
(32) are in reasonable agreement with results obtained by application of the 
authors’ recommendations for the design of sections with the reinforcement 
distributed along the depth of the section. 

The authors thank Prof. Au for his suggestions for improving the nota- 
tion and extending the range of the design charts. 

Mr. Zaslavsky’s interpretation of Iq. (38) is in accordance with the authors’ 
intention. Eq. (Al4) of the Code appendix was intended to be applied in a 
similar manner as Eq. (17) of Chapter 2 of the Code. The axial load capacity 
of long columns is the lower of the two values obtained by applying Eq. (38) 
along each of the two axes using the column thickness ¢ and the short-column 
axial load capacity ?, in each of the corresponding directions. The corre- 
sponding eccentricity in each direction is used for computing P,. The eccen- 
tricity in any direction should not be less than that given by Paragraph 
AGOS of the Code. 

Mr. Zaslavsky also brings to the attention of English-speaking engineers 
the requirements of the Russian codes with respect to slender columns. Such 
requirements are also found in other foreign codes and are of the type de- 
scribed as acceptable in the final sentence under ‘Slender Compression Mem- 
bers” (p. 471). When using analytical methods for determining P,’, the en- 
gineer should exercise caution in selecting the cross section, gross or cracked, 
and the equivalent ‘‘modulus of elasticity” as well as the buckling length / 
for computing the column stiffness. It is hoped that current studies will lead 
to approved methods of making these selections. 
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Discussion of a paper by R. C. Valore, Jr.: 


Insulating Concretes* 


By RALPH HUNTLEY, L. E. RIVKIND, MORTON SHERMAN, HENRY TOENNIES, 
and AUTHOR 


3y RALPH HUNTLEY} 


We believe JouRNAL readers should be made aware of an announcement 
from Riverbank Acoustical Laboratories concerning the correct: interpreta- 
tion of sound transmission loss test data released by us during the past several 
vears. We have examined the graphic tabulation of sound transmission 
loss data in Fig. 2, p. 526, of Mr. Valore’s article, looking especially at the 
results attributed to this laboratory. We have been able to identify about 
half of them in our records which go back to 1946. The other half were prob- 
ably of earlier date. Many improvements have been made in the technique 
of measuring sound transmission loss since. From more recent data, which 
is not large in amount, we would judge that the numbers in the chart attrib- 
uted to Riverbank are too high by about 5 or more db; a few as much as 8 dh. 
The same estimate is made of the data in Table 5, p. 16, of the Conerete Ma- 
sonrl Handbook, ALA ile No. 10-C, 

We are, of course, much concerned that any data released from this lab- 
oratory be correct to the best of our knowledge. To this end we encourage 
wide distribution of the following announcement. 


ANNOUNCEMENT FROM RIVERBANK ACOUSTICAL LABORATORIES 


The completion in December, 1956, of a second reverberation room at Riverbank Acoustical 
Laboratories now makes it possible to measure the air-borne sound transmission loss of building 
materials under near ideal conditions. The new 3000-cu ft reverberation room contains the 
sound source, and the larger 10,100-cu ft room receives the transmitted sound. The test 
partition is sealed into an opening, approximately 6x 7 ft, in the massive double-wall strue- 
ture between the two reverberation rooms. In this position the test partition serves as the 
only significant path of sound transmission between the two rooms 

Previous to December, 1956, the large reverberation room contained the sound souree and 
a small nonreverberant room, with certain known characteristics, received the sound. Although 
the technique has been thoroughly and repeatedly investigated since its adoption in the 1940's, 
certain assumptions about the radiated sound field had to be made which were not susceptible 
of experimental proof, 

It appears now, with the new facility, that our earlier measurements, while relatively cor- 
rect in the sense that they put materials in the proper rank order, were, on an absolute basis, 
about 5 db too high. This applies only to the average sound transmission loss figures in our 
earlier reports 

*ACI Jounnar, Nov. 1956, Proc. V. 53, p. 509. Dise, 54-27 is « part of copyrighted JouRNAL or THE AMERICAN 
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It, will henceforth be necessary to recognize that the sound transmission loss measurements 
reported by this laboratory before December, 1956, are not directly comparable with those after 
December, 1956. This necessity is increased since many of our sponsors have widely dis- 
tributed product information based on our test results. We have two suggestions to offer: 

1. If an architect has specified a certain sound transmission loss figure for a partition 
on the basis of his experience with partitions measured by the old technique, he should 
add 5 db to the average figure in reports dated December, 1956, or later. For instance, 
were a 35-db average transmission loss specified, a partition which we now report as 
having an average transmission loss of 30 db would have been reported as a 35-db parti- 
tion before December, 1956, and is probably the kind of partition the architect has in 
mind, 

2. If figures from reports previous to December, 1956, are to be used realistically 
or compared with later reports, 5 db should be subtracted from the average sound 
transmission loss. 


By L. E. RIVKIND* 


The grouping of insulating concretes in terms of composition serves well 
to describe the methods of mixing and air entrainment for the various types 
of aggregates when they are used. However, in line with the trend toward 
performance specifications, it would seem desirable to classify such concretes 
in terms of the required end use, namely their efficiency as thermal insulators. 

Classification by performance would group concretes having oven dry 
densities from 15 to 40 Ib per cu ft in a single category, whose prime function 
is thermal insulation, regardless of whether the composition be strictly cellular 
concrete, a lightweight-aggregate concrete, or any combination of the two. 
It has been shown that thermal conductivities would range from 0.5 to 1.0 
tu per hr per sq ft per deg F per in. Such concretes would find their great- 
est usefulness as insulating roof fills, underground pipe insulation, precast 
insulating slabs and block, cores for sandwich slabs, insulation of on-grade 


radiant heating panels, and fireproofing for steel. A minimum compressive 
strength of 100 psi would normally be considered adequate though this would 
of course increase with increasing density. Further subgroups based on 


strength might be used to enable a choice for specific applications. 

Insulating concretes having densities from 40 to 65 lb per cu ft would have 
somewhat poorer insulating value but would still be quite effective while 
providing adequate compressive strengths for use as floor fill, roof fill and other 
short span, low load structural designs. 

For applications where structural strength is the primary function and 
where it is desired to achieve some insulating value better than may be ob- 
tained with dense concretes, concretes having densities from 65 to 90 lb per 
cu ft should be specified. As Mr. Valore has indicated, there would be con- 
siderable overlapping of the compressive strength ranges in these three sug- 
gested insulation groupings, depending on the composition. 

Of particular interest was the reported success in combining preformed 
foam with perlite or vermiculite aggregates and cement. In effect, this a- 
mounts to preparing cellular concrete in the usual manner and adding light- 


*Technical Director, Mearl Manufacturing Corp., Roselle Park, N. J. 
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weight aggregate. The higher air content of such foam-plus-aggregate insu- 
lating concretes results in readily workable mixtures while simultaneously 
reducing the water content. For roof fills, this has the distinct advantage of 
reducing the “drying out”’ time before application of built-up roofing. As Mr. 
Valore has indicated, cast-in-place cellular concretes for roofs are limited to 
relatively flat elements. The combination with aggregates, however, results 
in a substantial increase in body, adequate for pitched roofs. 

Recent work in our laboratory and in the field application of moist cured 
cellular concrete may be of interest. Using Mearlerete foam generating 
equipment and foam liquid, it has been possible to further reduce water re 
quirements for 26 lb per cu ft oven-dry neat cellular concrete to about $2 gal. 
per cu yd. ‘This is equivalent to a water-cement ratio of 0.45. At this lower 
water-cement ratio, the fluidity of cellular concrete may be sufficiently re 


duced so that the required degree of “‘watertightness’’ of the supporting 


elements is markedly reduced. 

The placement and workability of insulating foam concretes is partic- 
ularly interesting. Preformed foam may be blended into a water-cement 
slurry in an end-loading transit mixer or a paddle type mixer. The fluid 
insulating cellular concrete may then be discharged into a hopper from which 
it may be pumped through hose lines using either pneumatic equipment or, 
preferably, a positive displacement pump. Proper selection of equipment 
makes possible the continuous placement of insulating concrete at rates as 
high as 20,000 sq ft of roof fill per day, from a single foam unit. 

Mr. Valore’s remarks relating to testing methods are particularly germane 
to a discussion of insulating concrete strength. In some respects, the de 
scription of these low-density materials as concretes has led to considerable 
misunderstanding. Frequently, compressive strength tests have been per- 
formed on saturated samples, in accord with ASTM methods applicable to 
dense concretes. Under these conditions, the normally low strengths are so 
reduced that test results show zero compressive strength. A standardized rec- 
ognized series of test methods for insulating concretes are needed to give 
direction to architects, contractors, and test laboratories. ‘The suggestions 
for testing air-dry samples with dry yielding materials such as leather or 
paperboard for capping have much merit. Retention for 2 days in open 
molds, followed by air drying to final test date more closely approaches field 
conditions. Since the strength of some insulating concretes varies with direc- 
tion it should be specified that the compressive test load be applied in the 
same direction as that which will be supported in practice. It should be 
noted that the anisotropic character of some insulating concretes, partic- 
ularly those formed by chemical reactions in which gases are evolved, may 
also be detected in the measurement of other properties. Due considera- 
tion should also be given in developing test procedures for evaluating these 
properties. 

The comments on relationship between thermal conductivity and moisture 
content are particularly interesting. It would appear that for insulating 
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materials which may absorb the same total quantity of moisture, that the 
materials which absorb more slowly would be superior insulators under field 
conditions of changing humidity and moisture exposure. 

The section on acoustical properties should serve well to clarify the dif- 
ferences between sound insulation and sound absorption. 

In closing, the writer would like to take this opportunity to compliment 
Mr. Valore on an excellent presentation. 


By MORTON SHERMAN* 


In our committee work on insulating concretes, we tend to focus our atten- 
tion on the aggregate primarily, rather than the entire combination of cement, 
aggregate, water, and air. The characteristics and physical properties men- 
tioned in Mr. Valore’s paper can all be drastically affected by the cement 
used, the curing or degree of hydration of the resultant concrete, and a proper 
or improper balance between portland cement, aggregate, air, and water 
components. 

Of necessity, we must go through the transition stage in which individual 
elements in the concrete are singled out for study, before the interaction of 
components in combination can be thoroughly understood. 

In discussing aggregate breakdown, one type of component unbalance, 
Mr. Valore considers primarily the substitution of air or water voids for lost 
aggregate volume in an attempt to maintain the concrete at a specific unit 
weight. 

The more probable result of brittle aggregate breakdown would be the 
reduction of concrete volume without the addition of new volume by air or 
water voids. Breakdown usually occurs in the mixer during the creation of 
the plastic concrete; entrainment of air above and beyond that ordinarily 
entrained in such a mixing situation rarely occurs. While an increase in 
fines content could increase mix water requirements, such concrete generally 
remains of placeable consistency without further additions. The loss in 
volumetric yield is accompanied by increased density, increased strength 
(in relation to a situation where there is no breakdown), and reduced insu- 
lating ability. 

Mr. Valore indicates the importance of sufficient air content in balance 
with the other components, in the prevention of bleeding and segregation 
problems. It should be emphasized that the stability of entrained air bubbles 
is as vital to quality insulating concrete as the quantity of entrained air 


present. This air must be of a stable nature with reference to temperature 


and time, or the concrete mix could undergo severe bleeding, sedimentation, 
and segregation effects. 

As shown in Table 2, p. 517, vermiculite concretes in the 37-60 lb per cu ft 
density range can deliver strengths exceeding 750 psi. I question the foot- 
note: “Not usually designed for strengths exceeding 750 psi.’’ Vermiculite 
concretes of less than 60 lb per cu ft dry density can exhibit strengths in the 


*Chemical Engineer, Zonolite Co., Chicago, Il. 





INSULATING CONCRETES 1253 


order of 1600 psi. As with cellular foam and perlite concretes, the limiting 
factor in this particular utilization would be economics. 


I would like to emphasize Mr. Valore’s comments on the importance of 
oven-dry density in insulating concretes. It is entirely true that “although 
the oven-dry condition may not be readily attained in a structure, it is a 
reproducible index of merit for control purposes. 


” 


Using this index, relative 
strength and insulating ability can both be specified for any insulating concrete. 

On p. 527, Mr. Valore makes the comment that ‘There is no indication 
that lightweight aggregates because of their ‘lightness’ or for any other reason, 
impart special sound insulation properties to concrete.”’ | believe that damp- 
ing effects are possible with certain lightweight concretes. This absorption 
of energy decreases the natural vibration of a monolithic wall, and results 
in reduced sound transmission. 

Mr. Valore’s paper is a needed supplement to his previous published works 
on cellular concrete. The paper is a thorough and conscientious reconcilia- 
tion of information from many sources into an understandable compilation. 

The sections on thermal conductivity and fire resistance are especially 
notable in that insulating concretes are particularly qualified to furnish 
these properties in modern construction systems. The technology of in- 
sulating concrete is of definite importance to contractors and builders, archi- 
tects, and engineers. More practical and lower cost construction will be made 
possible through the proper use of insulating concrete. 


By HENRY TOENNIES* 


Both Mr. Carlson (‘Lightweight Aggregates for Concrete Masonry Units,” 
ACI Journat, Nov. 1956, Proc. V. 53, p. 491) and Mr. Valore are to be com- 
plimented for their fine comprehensive treatment of lightweight-aggregate 
concrete and concrete products. However, it appears that further informa- 
tion is needed on the subject of sound insulation with concrete block, partic- 
ularly with respect to the relationship between wall weight and transmission 
loss presented in Mr. Valore’s paper. 

A knowledge of the wall weight transmission loss relationship has caused 
some architects to specify the use of solid concrete masonry units in prefer- 
ence to hollow. Where the choice has been between solid or hollow units of 
the same aggregate type (lightweight or ordinary), selection of the solid unit 
has resulted in wall construction of lower sound insulation value than would 
have resulted from use of hollow units, all other factors assumed equal. 

Recent tests conducted at the Riverbank Acoustical Laboratory, under 
the sponsorship of the National Concrete Masonry Association, demonstrated 
that on a weight basis hollow concrete block are 65 percent more effective in 
reducing airborne sound than comparable units of solid design. Data for 
walls of various thicknesses, without paint or plaster, are given in Table A. 
As may be noted in Table A, walls constructed with hollow units gave higher 
transmission losses than those constructed with solid units of equal thickness. 


*Development Engineer, National Concrete Masonry Association, Chicago, Il. 
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TABLE A—AVERAGE SOUND TRANSMISSION LOSSES FOR UNTREATED CONCRETE 
MASONRY WALLS (18 TESTS) 


Description of panel Hollow units Solid units 


‘Wall | | Wall 


weight, (Transmission weight, Transmission 


| 
lb per sq ft loss, db | Ib per sq ft loss, db 


1-in. partitions: 
Lightweight units 18.8 34.$ 24.1 
Heavyweight units 24.5 4: 


(-in, partitions: 
Lightweight units 


TABLE B—INCREASE IN SOUND TRANSMISSION LOSS DUE TO PAINTING CONCRETE 
MASONRY SURFACE (17 TESTS) 


Type of paint* » RE 
Number of coats 2 


Average increase in 
transmission loss, db 


Resin emulsion paint. 
Cement base paint 


If the data shown are reduced to transmission loss in decibels per pound of 
wall weight, the hollow unit walls have an average insulation value of 1.8 
db per lb of wall against 1.1 db per |b for the solid, a 63.5 percent difference. 

The exact cause of this greater sound reduction through hollow concrete 
block is not known. One explanation can be found by observing the effect of 
painting the block surfaces (Table B). 

In all cases the application of paint increased sound transmission loss, the 
amount of increase varying with block type and texture, and type and quan- 
tity of paint applied. Generally, the application of a cement base paint, 
which filled the surface pores, increased transmission loss more than a lighter 
resin emulsion type. 

It may be reasoned that during the manufacture of hollow block, the wip- 
ing action of the core mold causes a displacement of the surface particles in- 
side the block core. Surface voids are closed, or partially closed, much the 
same as the closing of voids due to troweling of a concrete slab. The effect 
of this void closure is a reduction in the continuous pore space through which 
the sound waves must travel. It is as though a light coat of cement paint 
were brushed upon the inside surface of the block core, resulting in a greater 
sound transmission loss than would occur had the concrete block been solid. 


AUTHOR'S CLOSURE 


The announcement from Riverbank Laboratories submitted by Mr. Huntley 
is both forthright and timely and brings three acoustical laboratories, River- 
bank, the National Bureau of Standards, and the National Physical Lab- 
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oratory of Great Britain into closer agreement on the sound insulation of 
concrete masonry walls. It shows that large departures from the ‘‘mass 
law” should not be expected to occur in walls in which the surface pores of 
the masonry units are effectively sealed by paint or plaster. Previous assump- 
tions that certain aggregates imparted special sound insulating properties 
to walls of units containing these aggregates may now be dispelled. 


Mr. Toennies’ analysis, it is noted, deals only with unpainted, unplastered 


walls of concrete block. There appears, however, to be small possibility of 
predicting transmission loss from weights of untreated block walls as long as 
surface texture remains an unmeasured variable. Rather wide variations, 
from “tight” to 


‘open”’ texture exist in concrete block, from one plant to 
another. These variations may be due to a variety of causes including local 
preference, shape and gradation of aggregate particles, and even differences 
among various makes and vintages of block machines. A wall of untreated 
open-textured concrete block does not provide good sound insulation, whether 
hollow or solid. The meager pertinent data available show that heavier 
walls of solid block provide greater transmission loss values than those of 
hollow block when the surface pores of both have been effectively closed by 
paint or plaster. In many cases, however, the differences are not of sufficient 
importance to justify the use of solid block. 

It may be unfortunate that sound absorption has received major emphasis 
as the acoustical property to be desired in a concrete masonry wall regardless 
of the nature of the building occupancy. The apparent values of sound ab- 
sorption provided have generally not been indications of actual absorption 


“absorbed” through a wall into 


of sound energy; the sound has simply been 
the next room. Poor sound insulation or a low transmission loss has resulted. 
As the concrete products industry has learned from some disillusioned school 
architects, a partition of untreated, open-textured concrete block is a two-way 
acoustical channel. 

The higher and higher external noise levels, due to street, rail, and air 
traffic, cannot be effectively diminished upon passage through a wall by ab- 
sorbent treatment. The increasing use of concrete masonry for apartment 
party walls and for partitions between school classrooms makes it advisable 
to consider methods of manufacture of masonry units that will assure a good 


transmission loss in the wall. 


Mr. Sherman has expressed the opinion that “damping” can effectively de- 
crease sound transmission, apparently by reducing the amplitude of a wall 
vibrating at a resonance frequency. It is stated in National Bureau of Stan- 
dards Building Materials and Structures Report No. 144, “Sound Insulation 
of Wall and Floor Constructions” (Reference 48) 


“When the sound consists primarily of a single frequency there is a possibility that 
the diaphragm may be in resonance with this frequency. In this case a very large part 
of the sound energy may be transmitted. Normally the resonance frequency of any 
part of a building is much lower than the frequencies of ordinary sounds, and hence 


” 


this condition is not generally of importance. 
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A low value of Young’s modulus (low stiffness) is sometimes confused with 
the damping capacity of a material. Some of the insulating concretes in the 
lowest density range (see table, top of p. 519) are quite low in secant modulus, 
the values being of the order of 100,000 psi. Walls of such materials would 
be of relatively low stiffness. We cite again Reference 48: 

“  . . There is a rather popular misconception that fiberboard and sheet lead 
have special properties as sound insulators. Actually, if only the sound insulating 
properties of the materials by themselves are considered, a sheet of steel is a slightly 
better sound insulator than a sheet of lead or fiberboard of the same weight per square 
foot because of the greater stiffness of the steel, but the difference is not usually great 
enough to be of practical value.” 

Mr. Sherman’s comments on aggregate breakdown indicate a need for 
clarifying the point as presented in the paper. Concretes made to meet a 
given dry unit weight requirement, and in the mixing of which an appreciable 
degree of aggregate breakdown occurred, had lower strengths than otherwise 
similar concretes which showed no aggregate breakdown. The effect of aggre- 
gate breakdown on density was compensated for by using more than the 
usual requirement of air-entraining agent. 

In referring to the footnote, p. 517, “Not usually designed for strength 
exceeding 750 psi,” it should be noted that the statement refers to cellular 
(neat cement) concrete as well as to vermiculite aggregate concrete. There 
was no indication in the various references available to the author that either 
of these two types of concrete was ever designed for strengths over 750 psi 
unless sand comprised a portion of the aggregate. 


The oven-dry condition described on p. 516 as a condition for density 


determinations and guarded hot-plate thermal conductivity tests in no way 


recommends oven-drying as a curing procedure or conditioning device for 
strength test specimens. 

The author is grateful for the comments of Mr. Sherman and Mr. Rivkind 
on the desirability of performance specifications for insulating concretes. 
‘The main purpose in preparing the paper, however, was to examine the effect 
of composition upon the various relevant physical oroperties, rather than the 
preparation of specifications. 
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Discussion of a paper by A. M, Lount: 


Prestressed Bridge Designed for Crane Load at 
Niagara River Weir® 


By LOUIS BALOG and AUTHOR 
By LOUIS BALOGT 
GRID ANALYSIS 


A procedure of grid analysis similar to that outlined on p. 538 was pub- 
lished by Zschetzsche! in 1893. The large number of equations made this 
method of computation not generally practicable at that time. Nowadays, 
electronic computers make such methods useful, however, not necessary in 
the commonly occurring cases of highway bridge design. 

It is of historical interest to record that during the first decade of the cen- 
tury a load-distribution procedure was used extensively in the design of rein- 
forced concrete bridges, which was in satisfactory agreement with the measured 
distribution of loads in actual structures and models. The design of the three 
span, seven-girder Béga Canal Bridge, Temesvar, Hungary (Fig. A and 
Table A), built in 1908, illustrates the application of this influence-line pro- 
cedure.? Evaluation of the influence lines [Fig. A(e), (f), (g), and (h)] of 
Girders A, B, C, and D of the Béga Canal Bridge for the specified two 26,460- 
lb trucks and the simple beam reaction rule, give comparative design wheel 
loads as indicated in Table A. 


TABLE A—DESIGN WHEEL LOADS, BEGA CANAL BRIDGE 


Girder 


Method 
I) 


Influence line (as built) S:. 3.35 3.3: 3.18 
Simple beam reaction a 5.0% f 5.10 


The correctness of the influence-line method was proved by measurements 
on actual structures. two examples (Fig. B and C) will illustrate the relation 
between the computed and the measured values. 

The Riet Creek Bridge (Fig. B) was investigated in 1913 by loading with a 
9-ton test load. In view of the complexity of this small structure and of the 
simplicity of the computations, the agreement between the measured and the 
computed load-distribution values is satisfactory. The simple beam reaction 
rule, however, deviates greatly from reality. 

*ACI Journat Nov. 1956, Proc. V. 53, p. 533. Dise. 53-28 is a part of copyrighted JOURNAL oF THe AMERICAN 


Concrete Inerirutre, V. 28, No. 12, June 1957, Proceedings V. 53. 
tConsulting Engineer, Binghamton, N. Y. 
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The other example is Saliger’s tests in 1911. Referring to Fig. C, the dis- 
tribution of the load placed on Girder D among the seven girders of the grid 
was much more uniform at low values of P than at high values. When the 
magnitude of / was one-quarter of the ultimate load, the share of Girder D 








ZI « 9.39 


ex; I; 





a 2 
Ke Ig + Xp Iptxe Ty = 105.63 





Girder A 
1 ,/E 1*2.08/9.39 
(e x, I ,)/105.63 


(0.222 £0.396)/2 = 0.309 and 


Two 26,460 lb Vehicles 
4.92' 3.61 4.92! 





Girder _B 
Ip/ £1*1.11/9.39 
(e x, 1,)/105.63 


(0.119%0.133)/2 = 0.126 an 








Girder C¢ 
1./X1#1.0/9.39 
(@ xq I,,)/105.63 


(0.10. £0.960)/2 = 0.083 and 











Girder D 


1,/ £1 =1.0/9.39 
(e X4 1,)/105.63 


(0.106 £0 )/2 


Fig. A—Bega Canal Bridge 


Skew~-53 deg. Rectangular floor framing; 5.51 in. two-way slab; crossbeams 
5.9 in. wide, 7.87 in. deep, spaced 6.56 ft 
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was 21 percent smaller than at the ultimate load, of which Girder D carried 
62 percent. Using the four full moment inertia values of the girders in the 
kind of computations shown for the Béga Canal Bridge (Fig. A), the share 
of Girder D is 64 percent, in good agreement with the measured value at the 
ultimate load. 

About 40 papers had appeared on load distribution in framed systems, re 
porting theory, measurement of actual structures, and design of new bridges, 
when Ostenfeld’s* book on this subject was published in 1930. The assembled 


ye ¥] 
| | 
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6 @ 3.8, = 23.0 toner need 


1.10 1.80 2.00 2.00 1.10 0.50 Measured 
0.66 2.20 1.98 2.20 0.66 0.65 Computed 
8) 3.19 2.62 3.19 O 0 Simp.B-R 


Fig. B—Distribution of 9-ton test load on Riet Creek Bridge 
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0.0h46 0.163 0.300 0.491 for P = 17,640 lb Measured 
0.010 0.090 0.280 0.620 for P = 70,550 lb Measured 
0.640 Computed 
1.000 Simp. B-R 

Share of Girders from Load P 


Fig. C—Saliger’s 1911 tests 








1260 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1957 


knowledge and the new investigations presented in this book directed atten- 
tion to the great economic significance of the proper design of grids. The wide- 
spread practical application of the principles of grid design began at this 
time. Subsequent excessive use of grid bridges in central Europe contributed 
to the development of simplified computations for grids. Among these, 
Leonhardt’s method,* published in 1938, neglecting torsional stiffness, has 
been used extensively in bridge design. The work of Enyedi® 10 years earlier 
and the more recent work of Homberg® give identical results. 


LOAD DISTRIBUTION BY TORSIONAL RIGIDITY 


Load distribution by torsional rigidity was first empirically considered. 
Iixamples of this procedure are three box-girder bridges built from 1912 to 
1928 in Pforzheim, Germany. These have no other transverse members 
than the diaphragms over the supports. Among these the Nagold River 
Bridge, built in 1928, is 60.75 ft wide, has 11 girders, about an 18-in. floor 
slab, and a bottom slab varying in thickness from 7 in. to about 16 in. at the 
supports. The measured deflections of the 145.67-ft span of this continuous 
girder bridge are shown in Fig. D. Based on previous experience, the load 
distribution corresponding to these deflections was considered in the design 
of this bridge.’ 

xperience with numerous bridges indicated that the oldest and simplest 
method of load-distribution computations, published by Engesser® in 1889 
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Fig. D—Nagold River Bridge 





There are no transverse members except for 
the diaphragms over the supports. The great 
torsional stiffness of the boxes assures that all 
11 girders work as a unit under concentrated 
Measured Deflections in 1/10,000 In Units load 
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Prestressed concrete continuous box girder 





Distribution of H-20 Truck Loading 
Wheel Load on Girders 
6 B Cc 





Method 








Influence Lines 0.8228 | 0.7054 | 0.66246 





AASHO 0.4261 } 1.0700 | 1.0700 











Difference ££ 48 34 38 

















Load Distribution Influence Lines 


Fig. E—Kinzing River Bridge 


and 1892, when extended by the consideration of the torsional rigidity of 
the grid, gave for design purposes satisfactory results. The prestressed con- 
crete continuous box-girder bridge built at Steinach, Germany, in 1955, is an 
example (Fig. E).° This method was applied also in the design of the four- 
girder, prestressed concrete bridge, 918.63 ft long, 40.19 ft wide, built at 
Northeim, Germany, in 1955. It has seven continuous spans, each 151. 


93 
ft long with three equally spaced intermediate diaphragms in each span. The 


transverse spacing of the girders is in the ratio of 1: 1.12 :1; the vertical 
and torsional rigidities of the outer and inner girders are different. Never 
theless, this simple method of load distribution gave entirely satisfactory 
results.!° 

The load-distribution diagrams of the 14-girder bridge on p. 538 (Pig. 5 
Load distribution in a torsional system) can also be satisfactorily approxi- 





Fig. F—Approximation of ac- 
tual load-distribution diagram 
by assuming a rigid diaphragm 
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mated for highway loads by [ngesser’s equation extended by the torsion 
coefficient of Schéttgen,'! as follows (Fig. F): 


l TA8& 
+ 
. T 
14 > 2? 


where 7 1/ [1 + (14/12 * G/E & I,*/1, K 2/> 2*)) = 0.35 


t, and ty 


ts and ly = 0.0714 * (0.1429) 0.35 = 0.1214 and 0.0214, respectively 


In case of rigid diaphragm the load-distribution diagrams are straight lines 
defined by the end ordinates (4 and ty. These can be computed for all girders 
by introducing the corresponding e value. The evaluation of these influence 
lines for highway truck loadings give ('® and U® loads which are prac- 
tically identical with those obtained from the published diagrams. The mo- 
ments and shears produced by these loads must be computed with due con- 
sideration of the actual diaphragm spacing.!® 

Load distribution in slab-framed, two-girder bridges without diaphragms 
is influenced by the slab thickness and also by the width of the stem of the 
girders and by the torsional rigidity of the end floor beams in short spans. 
Table B contains the dimensional properties of Bridge 1, discussed by the 
writer,'® and of Bridge 2, rigorously analyzed by Bechert.!? 

Table C shows that the 67 percent wider girder stems of Bridge 2 have a 


noticeably advantageous effect on the load distribution; likewise, the large 
torsional rigidity of the end floor beams of short Bridge 2 increases the center 
moment influence ordinate of unloaded Girder B by 10.4 percent. 

The approximate load-distribution ordinates are :'° 


‘4 and lp 0.5 + 
O+ fF 


where 7 l/2a)* GI,'/ET, 


Taking a a b’ in Iq. (2), Eq. (1) then yields 0.7483 and 0.2517 (the 
AASHO specifies 1.0 and 0.0). The ordinates of this diagram, which can be 
obtained in a few minutes, are compared with the rigorous values of Bechert 
in Table D. 

The evaluation of these two influence diagrams for any of the AASHO truck 
loadings gives practically identical midspan girder moments. 

If the torsional grid stiffness is neglected, load-distribution diagrams can 
be conveniently computed by simplified methods which are similar to that 
published by Enyedi,® Leonhardt,* or Homberg.* The practical identity of 


TABLE B—PROPERTIES OF BRIDGES 1 AND 2 


| ‘ a, b lon | th | I I've 
G O54 ft ft ft | fits ft‘ {t‘/ft {ts 


Bridge 1 VO.55 17.39 1.07 | 17.00 | 10.08 0.0795 
Bridge 2 65.62 | 16.40 $.28 | 20.78 | 23.17 | 0.0450 | 23.1 





PRESTRESSED BRIDGE AT NIAGARA RIVER WEIR 


TABLE C—EFFECT OF WIDTH OF GIRDER STEM ON LOAD DISTRIBUTION 


EIg a } M 

ae ‘ | oment influence 

a E Ie Pim’ * | line ordinate of — | Differ 
| 4 | Girder B ence 


Gie "| 2 


Bridge 1 
Bridge 2 


0.068 n‘ | 0.0748 0.0736 | 
0.474 né 0.0590 0.0542 


(1) a a b’ | a a ja 


0.308 n? 0.047 n4 
0.396 n? 0.321 n4 


TABLE D—INFLUENCE-LINE ORDINATES OF MIDSPAN GIRDER MOMENT 


0.51 | 0.375 1 0.125 1 
Method 
B | 


Bechert 
Ikq. (1) [a = a b’] 


the computed diagrams with those published on p. 537 is indicated in 
‘Take the example of a five-girder bridge on p. 537, Fig. 4: 


Assume z = 20 = 2687 5 2 104 


CGirder B: t4 and tg= (2.5 z 3), = 2/104 0.3598 and —0.0248, respectivel 
lg and lp = (3.54 92 2687 * (2 4+ 0.5 z)/104 0.3325 and O.1O1S8, 


respectively 
Girder C: t4 and tg = (3 2 + 2*)/2687 = 0.1265 


tz and tp = (ll z 4 s°), 2687 = 0.2307 also le for Girder B 


le = (7 IS z + 27)/2687 = 0.2855 


The above figures show that the published diagrams are closely approximated 
by the simple computations. Evaluation of the published and computed 
load-distribution diagrams for highway truck loadings gives for design pur- 
poses practically identical results. 


A 














Fig. G—Approximation of 

actual load-distribution dia- 

grams by simplified compu- 
tations 
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It is regrettable that no load-distribution diagrams and moment and shear 
values obtained by the computations outlined on pp. 538-539 were published 
for the 70-ft span, six-girder grid, 24 ft wide with intermediate diaphragms 
spaced 8.75 ft. The comparison of these values with those obtained by 
simplified computations in general use would have been of interest. Measure- 
ments on a large number of actual bridges indicated good agreement with 
values computed by the simplified methods. Generally, the actual distribu- 
tion was better than computed. 


VALIDITY OF COMPUTATIONS 


The validity of the computations is influenced by the accuracy of the 
vertical and torsional rigidity values and their ratios used. In case of steel 
grids these stiffnesses and their ratios vary according to the connecting media 
of the assemblies and of the character of the connection details. The rigidity 
characteristics of reinforced concrete grids are dependent on the cracks in the 

members and on the extent the rein- 

forcement hinders the deformations. 
The stiffness of the cracked girders is 
much smaller than of the full sections 
and if the transverse elements remain 
free from the same type of cracks the 
stiffness ratios will be different from 
The 
writer suggested 12 years ago to the 
Bureau of Public 
program establishing the rigidity char- 
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Measurements on composite bridges, 
with heavy 
floor slabs, invariably indicated tor- 


steel girders anchored 
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sional rigidity which influenced load 
distribution; Fig. H shows an example. 
The measured deflections of the five 
10-ft spans of the Oberhausen Bridge, 
built in Germany in 1949, indicated 
20 percent more uniform distribution 


0.259 
0.338 


Deflections in Inches of the test loads between the girders 


Fig. H—Computed (C) and measured (M) 
deflections of composite bridge 


than the computations neglecting the 
torsional rigidity of the spans. 
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SLAB THICKNESS IN COMPOSITE CONSTRUCTION 


The statement on p. 535 that, “In composite . . . construction a 
I 


deck thickness of 7 in. can be considered critical,” is in agreement with the 
German composite highway bridge specifications.'* These require for first 
class highway bridges a minimum slab thickness of 7.87 in., for concrete cube 
strengths from 4270 to 5690 psi, and 7.09 in. for concrete cube strengths from 
6400 to 8530 psi. The use of even somewhat thicker slabs, or the provision 
of flat haunches, or the transverse prestressing of the slab is recommended. 
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AUTHOR'S CLOSURE 


The author thanks Mr. Balog for his interesting discussion and his review 
of the empirical methods commonly used for the calculation of bridge grids. 
The author regrets that, since the nature of the article was more concerned 
with a single practical application, space and time did not permit a more 
detailed discussion of the background for the type of grid analysis used 
In a paper given at Jackson, Miss., to the American Society of Civil Engi 
neers, the question of the load distribution between girders and, in partie 
ular, the comparison between an exact elastic analysis and the approximate 
empirical analyses developed by various authors is discussed 

Also, in this paper a load-distribution test carried out on the structure at 
Niagara was discussed. Fig. | and J are from this paper. Fig. | shows a 
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comparison between the maximum moment envelopes on an_ individual 
girder for a six-girder structure over the Big East River near Huntsville, Ont., 
with a span of 120 ft, giving a comparison between the elastic analysis and an 
approximate elastic analysis by Guyon. Those methods neglect torsion. It 
is interesting to note that, while the moment values would appear at first 
sight to be in approximately the same range, there is actually a significant 
reversal of results, particularly with reference to the inner girders. 

It has been our experience in the application of the empirical methods 
that the methods mentioned by Mr. Balog are not sufficiently sensitive to 
permit close design. They can be used as a design basis provided that sufficient 


allowance is made for inaccuracies, although they do represent a definite 


improvement over other arbitrary empirical methods. 

It will be noted that the transverse Joad distribution computed by the 
elastic method for the Niagara bridge is substantially more accurate than 
the method using the approximate elastic analysis neglecting torsion (Fig. J). 
It is also more accurate than the corrected approximate elastic analysis as 
suggested by Massonet, taking into consideration torsion (Fig. J). 

The author is not too convinced that we can, at this stage, rely too heavily 
upon torsional resistance of single concrete girders in bridge structures. We 
have little information as to the long-term effects of creep, cracks, and weath- 
ering on the eventual torsional resistance. We must remember that torsional 
stiffness means corresponding torsional stresses. These stresses must be 


considered in the design and provided for. 


ELASTIC ANALYSIS ; - APPROXIMATE ELASTIC 
ANALYSIS (GUYON) 
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Fig. |—Maximum bending moment envelope due to live load 
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Fig. J—Distribution coefficients for load No. 2, Niagara remedial works 


This brings into focus one of the most interesting aspects of this whole 


question, namely, the difference between the rational and the empirical 


approach. The rational approach makes initial assumptions which are as 
close as possible to the actual conditions existing and proceeds from that 
point on the basis of exact calculations and computations to derive the actual 
stresses which exist in structure. Any variations from measured stresses as 
compared to computed stresses in such methods are due entirely to errors in 
the initial assumptions. 

In the empirical approach, a double assumption is made. Not only are 
initial assumptions made but the calculation of the behavior of the structure 
based on those initial assumptions is also itself based on assumptions. There 
is, therefore, in the empirical approach a double source of error. This does not 
prevent valuable contributions by means of empirical methods. However, 
it does mean that the extension of empirical methods to fields beyond which 
they were strictly intended is questionable, i.e., variable girder spacings. 

The rational approach is far more generally applicable. The author re- 
grets that he cannot agree with Mr. Balog’s statement that the use of such 
methods are not necessary. It is the author’s contention that valid rational 
approach is always preferable to a corresponding empirical approach, especi- 
ally when the difference in cost is slight. It is true that a large number of 
successful designs have been based upon the empirical approaches men- 
tioned by Mr. Balog, and I feel that we are much indebted to Mr. Balog for 
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his interesting and intensive review of the literature on the subject. This 
literature, as is pointed out by Mr. Balog, certainly shows that ever since 


even as early as 1893, engineers charged with the responsibility of designing 


bridge structures, have been convinced of the importance and desirability 
of adding diaphragms to bridge structures to obtain the most efficient use of 
the material at their disposal. However, we feel that the empirical methods 
suggested by the various authors quoted by Mr. Balog, bear the same rela- 
tionship to rational design methods as the empirical expressions WL?/10, 
WL?/24, and WL?/12 bear to moment distribution and other rational meth- 
ods of analysis commonly used in the computation of moments in continuous 
structures. There is a place for each in our assortment of available design 


tools. 





Disc. 53-29 
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Discussion of a paper by B. J. Butcher and H. J. Hopkins: 


Particle Interference in Concrete Mixes 


By T. C. POWERS, FRITZ SCHWANDA, H. N. WALSH, and AUTHORS 
By T. C. POWERS} 


Messrs. Butcher and Hopkins should be thanked for their paper. It throws 
needed light on the intriguing but oversimplified Weymouth theory of particle 
interference. Once pointed out, it seems clear that particle interference does 
not occur as pictured by Weymouth unless the mix contains only two sizes 
of particles. When various sizes are present in a fully compacted mix, all 
the small particles find places among all the larger particles; when consolida 
tion is incomplete, the bridging of particles that prevents full consolidation 
may involve many different sizes around each void. 


The method of analysis indicated in Table 1 reminds one of a concept 
associated with the use of Abrams’ fineness modulus, which concept can be 
expressed as follows: If one removes aggregate from a concrete mix in pro- 
gressive steps by ‘“‘wet sieving,” using successively smaller sieves, the fineness 
modulus of the aggregate remaining in the mix after each operation must not 
exceed the “maximum permissible fineness modulus’ for the remaining 
maximum size of aggregate and cement content. (The maximum permissible 
values of fineness moduli were established empirically by Abrams and his 


“ussociates. ) 


This paper supports the contention that an adequate theory of mixes 
must deal with all particle sizes at once, just as is done when making trial 
mixes. The authors, however, do not deal with all the particles, and that 
is to be regretted. They chose to apply their ingenious method to dry mix 
tures of cement and aggregate. The reasoning that led them to include the 
cement along with sand and coarse aggregate seems to offer no logical escape 
from the necessity of including the still smaller and all important particles, 
the water molecules. Calculations for d* of column 4, Table 1, show that in 
the dry system, relative average size is determined by the size of the cement 
particles, the weighted size of the sand particles being negligible. If the 
computation had included water molecules, the weighted size of the cement 
particles would also have been negligible. 

Of course, it seems absurd to talk about a system of particles comprising 
coarse aggregate, sand, cement, and water molecules. Water molecules do 
*ACI Jownnan, Nov. 1956, Proc. V. 53, p. 545. Dise. 53-20 is a part of copyrighted JounNnaL or THe AMERICA 

Concrete Iwatitute, V. 28, No. 12, June 1957, Proceedings V. 53 


tManager, Basic Research Section, Portland Cement Association, Chicago, II! 
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not “pack” like ordinary particles. They exert forces of attraction and re- 
pulsion on each other, and because of this they remain separated by a fixed 
average distance.* The average distance being larger than the molecules 
themselves, it is possible for the aggregation to be mobile, i.e., fluid, but, 
because of interparticle forces, it is also cohesive; it hangs together. Never- 
theless, water molecules do occupy space in a concrete mix, and in any work- 
able mix they occupy spaces between the particles of cement and between 
particles of aggregate at places where the particles would normally be in 
contact in a dry mix. In other words, water molecules prevent the aggregate 
and cement particles from packing as they do in a dry mix. Such separation 
is not related to the size of the water molecules but to the consistency of the 
molecular aggregation, water. It is obviously not necessary to deal with in- 
dividual molecules of water to determine what space they will require in a 
concrete mix; it would be futile to try to do so. 

If, because of the effects of interparticle forces (intermolecular forces), 
we do not include water molecules in a grading analysis, we should for the same 
reason exclude cement and other particles of like size from the grading analysis. 
Fine particles in water or, rather, in a dilute solution, also do not “‘pack’’ as 
do coarser particles; they occupy all the water-filled space provided for them. 
In this medium, they, like water molecules, exhibit effects of interparticle 
attraction and repulsion, and the system, particles-plus-water, has a certain 


consistency. The function of paste-making particles in water-filled space is 
more like the function of water molecules in water-filled space than it is like 
the function of sand particles in an aggregate. Thus, I can agree with the 
statement on p. 551, “. . . it is clear that all solids should be treated in the 
examination,” but I cannot agree to the procedure that treats them all alike, 
and ignores the water. 


Paraphrasing the last sentence in the first paragraph of this discussion, we 
can say that in concrete the small particles of aggregate, together with the 
paste, find places among all the coarser particles. Hindrance to complete 
consolidation comes not only from particle interference among aggregate 
particles, but also from the consistency of the paste (its stiffness), and capil- 
lary forces around air bubbles in the paste. Experiments have shown that 
consistency of the paste is the important thing and capillary force cannot be 
ignored; the size, shape, and gradation of the particles in the paste is a sec- 
ondary factor. 

Because of these facts, Weymouth’s idea, and the present outgrowth of it, 
have intrinsic limitations; they do not deal with the most important factors 
that determine the compactability of a concrete mix. Although we can ad- 
mire the skill and ingenuity of the analysis, we must look in other directions 
for an adequate theory of mixes. 

* * * 

Incidentally, this reader was confused by the discussion under “‘Interpre- 

tation of Results.”’ The first sentence gives the new criterion for particle 


*Temperature constant. 
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interference, but the following sentences and Table 2 seem to be based on the 
original Weymouth theory and not hq. (15a). In fact, the figures in the upper 
part of the table appear to have been taken from one of Weymouth’s original 
papers; I also used them in a paper written in 1936. It is hoped the authors 
will clarify this part of the paper by further discussion. 


By FRITZ SCHWANDA* 


Gradation of the aggregates not only affects the workability and quality 
of a concrete, but it is a decisive factor in the economy of a mix. Ixtensive 
labor, experimental work, and funds have therefore been spent on explora- 
tion of the problem of aggregate gradation since Fuller’s pioneer investiga- 
tions at the beginning of our century. 

The solution of that problem is possible only with the aid of an exact know! 
edge of the mechanism of particle interference, a phenomenon which Wey 
mouth was the first to treat in a scientific way, though Furnas had paid 
proper regard to it in his method of design of gap gradings 2 years before 


ce 


Weymouth’s publication (see Furnas, “Grading Aggregates,” Industrial and 
Engineering Chemistry, V. 23, 1931, p. 1052). 

We are indebted to Messrs. Butcher and Hopkins for having resumed a 
question of such consequence. The authors’ method helps us a great deal to 
understand the nature of particle interference. Yet multitudes have their own 
laws, which do not always comply with the laws which we can deduce from 
the behavior of the individual. 

The condition that the particles which belong to a size group are in direct 
contact to each other if blown up is equivalent to a uniform distribution of 
the particles. But that condition is valid only for mixtures where the in- 
dividuals of a size group are in real direct contact either to each other or to the 
particles belonging to the larger groups. If they are not, the distances be 
tween them will vary according to the laws of chance. In every aggregate 
mixture which is produced by a mixing machine there will be parts with and 
without particle interference. From the quantity proportions of the two size 
groups and their size ratios, we can conclude only to the probable relative 
extent of the two parts. 

There exists no possibility for preventing particle interference in any ma 
chine-mixed aggregate, and there is no reason why we should. We know of 
many excellent gradings which do not comply with the authors’ formula 
Particle interference is only one phenomenon of many with which the engi- 
neer must deal, just as there are, for example, loads, tensions, strains, or 


ground water, and which he has got under his control with more or less per 


fection. 

It is up to the engineer to investigate the nature and the effects of particle 
interference. But he can perform that only by tests with whole batches of 
mixes. 


*Technische Versuchs- und Forschungsanstalt Kaprun, Land Salzburg, Austria 
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The best way will be to start his investigations with the consideration of 
only two size groups, and to see what influence is exercised by varying quan- 
tity proportions of the constituents and by varying ratios between their 
diameters. Then he might test the influence of the presence of a third and 
of more size groups, find out the effeets of particle shape and surface. Later 
he wilk learn to tell from the grading the quantity of cement he must add to 
get the concrete he wants. At last he will come to know the methods of 
designing the grading which yields the best quality of concrete—which means, 
as Fuller has taught us, that mixture which demands the smallest amount of 
cement-—and methods to adapt the grading of ideal composition to the grad- 
ing Which is produced from his aggregate pit or by his crusher. 

The knowledge of the behavior of the individual particle is necessary for 
the understanding of the laws which govern the multitude. But what the 
engineer must have is a mix which yields a good and workable concrete in the 
most economical way. Therefore, he cannot afford to go too far with the im- 
provement of the grading of the pit or crusher run aggregates, but must 
find a wise compromise between the theoretically best mixture and the aggre- 
gate available. He can achieve that end only with the aid of the theory of 
aggregate gradation based on a thorough understanding of the effects of 
particle interference, which makes possible an exact calculation of the most 


economic mixture with an accuracy adequate to the engineering sciences. 


3y H. N. WALSH* 


A question raised in the first paragraph of this paper is whether a certain 


fluidity of the fresh concrete is necessary in order that Weymouth’s theory 


should apply. The authors answer this question in the affirmative as far as 
two particular gradings are concerned. It appears, however, and as they say, 
that study of many more gradings would be required to give a full answer. 
The mathematical argument in favor of their method based on consideration 
of the complete grading of solids is quite logical, although it tends to cloud 
one’s mental picture of what is happening as compared with the step-by- 
step method. But the working out of the evaluation of the grading curve A 
in Table | involves nearly all the stages of the step-by-step process. It would 
be interesting to see the application of the new method to the derivation of a 
grading to suit a given cement content and slump. Does it involve less labor 
than the Weymouth method? 

The section dealing with “Interpretation of Results” is confusing at first 
reading because of a misprint which directs attention to the adjacent Table 2 
instead of Table 1. This Table 2, which is relevant to the appendix, is taken 
from Weymouth’s original paper, and the aggregates analyzed in it are inter- 
esting in relation to the subject of the paper. Due to having only 7 percent 
passing the No. 52 sieve, the sand is a little coarse, its fineness modulus being 
3.14. The 1!o- to 5/16-in. gravel has 25 percent of 145 44-in. size, 50 percent 
of 34-3¢-in., and 25 percent of % 3/16-in. (No. 4). Excess of the second 


*Professor of Civil Engineering, University College, Cork, Lreland 
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largest size in a coarse aggregate tends to cause harshness and this combined 


with a sand lacking in the extreme fines would lead one to expect that the pro- 


portion of sand to coarse aggregate would have to be higher than average to 
give good workability. Thus one can see by inspection that the relatively 
small proportion of 1'9- to 44-in. stones would be well separated in the con 
crete. Table 2 shows that the particle interference theory requires a clear- 
ance of slightly over l-in. between the particles of this group. That means 
their average distance apart center to center would be about 2!¢ in. Are such 
spacings always necessary? 


In his 1938 article in Engineering News-Record Weymouth stated: “The 
great advantage of this method is that it insures the greatest workability 
possible from the available materials for the water-cement ratio and slump 
chosen.”’ Further on he said: “In architectural concrete maximum work- 
ability is imperative.” Well, in many engineering structures density, dur- 
ability, and strength are imperative. Workability may be a secondary con- 
sideration; especially where labor rates are low; even for hand-tamped plastic 
concrete of less than 35-in. slump, gradings containing high proportions of the 
top sizes can be used economically. The following examples may be of in- 
terest. Ina certain area the only sand economically available has the grading 
No. Lin Table A. In one job this was used with *,- and 3¢-in. gravels having 
the gradings No. 2 and 3. 


TABLE A—GRADING EXAMPLES 


Sieve sizes and percentages by weight passing 
Reference N } 5 No, 25 No. 14 No. 7 fe in 1, in 
‘ 
Sand : ; i 100 


%-in. gravel 28 
44-in. gravel , 13.1 Os 


; 
Above combined 2 f 2 4 41.8 
Another combined 

agyvregate 


These were combined to give grading No. 4 in which the fines of the %¢-in. 
gravel help to make the grading of the sand part more normal. Yet the pro- 
portion of No. 25-52 size is high. This combined aggregate was used to 
make concrete containing 630 Ib of cement per cu yd and slump not exceed- 
ing 3in. The concrete was easily placed and compacted by hand in the floors 
and walls of small reinforced concrete reservoirs. The horizontal construc- 
tion joints in the walls were plane surfaces which were carefully cleaned to 
expose the coarse aggregate and washed before placing of the next lift. There 
were no waterstops and no layer of mortar at the bottom of a lift. There 
was no visible sign of segregation anywhere; the surfaces were perfect: and 
there was no leakage in reservoirs when filled. 

In another part of the same area, sand from the same source was used with 
a nominal *4-in. crushed stone, all of which passed a I-in. sieve and less than 


12 percent passed a 3/{6-in. sieve. These were combined to give grading 
4 
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No. 5 of Table A. The combined aggregate was used in a concrete contain- 
ing 630 lb of cement per cu yd and slump of less than 2!% in. to make piles, 
cantilever retaining walls, and a heavily reinforced rigid frame. The concrete 
was easily placed and compacted and the finish was good despite the 62.7 per- 
cent by weight of crushed stone coarse aggregate. Strengths and densities 
were high. 


In both these cases density, strength, and durability were the important 
properties, with sufficient workability to make placing and compacting simple 
and? satisfactory with the labor and supervision available. The proportions 


of these concretes were determined by short and simple calculations based 
on the sieve analyses and checked by trial mixes. 

Where vibration is used for compaction, both water and sand contents 
may or must be lowered to avoid danger of segregation or to produce high 
strengths and densities. Various methods of design are available. It is 
relevant to this discussion to note that in England and France theories assum- 
ing little or no clearance between particles of the coarse aggregate have been 
used, especially in conjunction with gap gradings, to design concretes of high 
density and strength, apparently with success. It is obvious, therefore, that 
concretes can be made successfully without the spacings required by the 
particle interference theory. This is said, not by any means to depreciate 
Weymouth’s work, but to indicate that the application of his method would 
appear to be limited, and thus to support one of the authors’ conclusions. 


AUTHORS’ CLOSURE 


The authors regret the misleading effect of the error in the first paragraph 
of the section “Interpretation of Results.’”” The error was discovered in the 
galley proof stage, but unfortunately time and distance conspired to make 
a cable to the editor arrive too late for the error to be corrected. As pointed 
out in discussion, the grading analyzed in Table 1 (not Table 2) is plotted in 
Fig. 4 as grading A. Table 2 should be read in conjunction with the appendix, 
in which the relevant statement is “. . . Table 2, which reproduces part of 
Table 1 of Weymouth’s original paper.” 

‘Two experiments may be carried out: (1) to show that workability can be 
changed by varying the gradings of solids while maintaining a constant ratio 
of water to solids; and (2) to show that workability can be changed by varying 
the ratio of water to solids while maintaining a constant grading. 

Iixperiment (1) above shows the importance of grading of solids in deter- 
mining workability, and the paper is concerned only with this aspect. It 
in no way minimizes the importance either of the ratio of water to solids, or of 
interparticle forces such as surface tension. The authors therefore agree 
with Mr. Powers’ contention that their analysis has intrinsic limitations, and 
their qualifications regarding fluidity in the first and last paragraphs of the 
paper were intended to indicate this. 
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The authors cannot agree with Mr. Powers when he says that there is “no 


logical escape from the necessity of including the still smaller and all important 
particles, the water molecules,” and he has given the reasons for not including 
them. He says: (a) ‘Water molecules do not pack like ordinary particles,” 
and (b) “if the computation had included water molecules, the weighted size 


‘ce 


of the cement particles” (and therefore the aggregate) ‘‘would also have been 
negligible.” One would therefore be forced to conclude that only water 
affects workability, and that grading is unimportant. This would conflict 
with the results of experiment (1) above, and with general experience. 

Nevertheless, Mr. Powers’ objection to a procedure that treats all solid 
particles alike is valid. The grading of solids when dry, their grading when 
moist, and their grading when saturated, will vary, and the variation will be 
most significant in the finest sizes, where the analysis is most sensitive. This 
indicates a field for further study, namely, the effects of water content and of 
compacting effort upon flocculation of the fine particles of a concrete mix. A 
measure of flocculation which led to a reliable estimate of particle size of 
cement would be most valuable, as it would allow a more realistic value of 
particle size to be substituted in Table 1. Hydrometer tests, upon which the 
cement size quoted in Table 1 is based, cannot be regarded as satisfactory for 
this purpose. 

Professor Walsh has correctly interpreted the authors’ qualifications re- 
garding fluidity. It may be, as he remarks, that the step-by-step method 
appears to give a clearer picture than the analysis shown in Table 1. Any 
such advantage is only apparent, however, for the step-by-step method, as 
shown by the appendix and Fig. 7, leads to results which are in conflict with 
recognized physical laws. 

Iixcess of the second largest size of coarse aggregate decreases the value 
of D, and hence also the maximum permissible value of D, (Fig. 3). 

Professor Walsh’s remarks upon Weymouth’s Engineering News-Record 
article are interesting. It is outside the scope of this paper, but there is 
nothing incompatible in grading for maximum density and for maximum 
workability, and it can be shown that the two curves are of the same family, 
with a high proportion of coarse aggregate. 

His Table A shows two gradings with 39.6 and 37.3 percent of fines, and high 
proportions of No. 25-52 material. These gradings would have high resistance 
to segregation, and with slumps of 2/4 to 3 in. the concrete should be quite 
workable. The relevant point, of course, is the amount of water required to 
give this workability. 

Mr. Schwanda refers to the way in which the behavior of a large collection 
of particles may vary from that observed for individual particles. While 
this is true, there is a statistical quality about the behavior of the collection 
which allows valid general conclusions to be drawn. ‘There are, indeed, 
many excellent gradings which do not comply with any one formula. It is 
suggested that the reason for this is that they are designed for different pur- 


poses. 
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The authors emphasize that the scope of their paper is limited to a con- 
sideration of particle interference, and they have not applied it to cover all 


phases of workability, nor have they applied it to maximum density, or segre- 


gation. It is relevant to state, however, that if minimum particle interference 
gives maximum workability it also gives minimum resistance to segregation. 
It is impossible, therefore, to consider a grading with maximum workability 
as a satisfactory practical grading. The authors believe, however, that a 
fundamental study of each and every factor affecting the design of concrete 
mixes is necessary before they may be combined to satisfy every practical 
requirement, 
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Discussion of a report by ACI Committee 214: 


Proposed Recommended Practice for Evaluation of 
Compression Test Results of Field Concrete’ 


By G. H. McPHERSON, R. SHALON and R. C. REINITZ, WALTER 
and COMMITTEE 


By G. H. McPHERSONT 


The committee is to be commended for its efforts to provide generalized 
instructions for the application of statistical methods to problems facing the 
industry. 


When used to draw inferences, these methods assume “controlled condi 
tions,” i.e., that the samples are random from a stable population. When 
applying these methods, an investigator must design his sampling program to 
provide clear evaluation of these assumptions. The quality control charts 
mentioned in the report are excellent tools for investigating the stability of the 
production process. 


tandomization is essential to the drawing of unbiased samples. Some 
if not most, technicians have a tendency to sample what appears to be a 
“good” batch so as to avoid the necessity of explaining low breaks 
obviate this we use a table of random numbers to select the loads from which 
samples are drawn. The numbers are known only to the concrete enginees 
and the technician who draws the sample. Samples are drawn in subgroup 
of three plotted to X and R charts and examined for assignable causes before 
combining the subgroups for analysis of the type the committee recommends 


I believe the committee should include a discussion of these points in con 
nection with the use of Fig. 3 and 5. 


Willis and Murray, in discussion} of an earlier report by Committee 214, 
which formed the basis for the proposed recommended practice, present a 
cogent argument for the standard deviation as opposed to the coefficient of 
variation. The committee’s Table Et does not to my mind “ indicate a 
definite correlation between the mean and the standard deviation.” From 
the table alternate hypotheses that s is correlated with age or interaction 
between age and mean appear tenable 
~ *ACI Jot RNAL, Dee. 1956, Proc. V. 54, p. 561, Dime 
Concrete Inetirere, V. 28, No. 12, June 1957, Proece 

tManager, Transit Mix Concrete, Ltd 


tDiscussion of “Evaluation of Compressio 


Proc. V. 52, pp. 1173-1181 
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By R. SHALON* and R. C. REINITZT 


The interesting report of Committee 214 fulfills the long-felt need for 
directives which enable full advantage to be taken of controlled concrete, 
and the committee is to be complimented on the excellent work done. 


The recommended practice for the evaluation of the compressive strength 


of concrete as a result of the strength data obtained in test specimens is based 
on the assumption that the strengths follow a pattern of normal distribution. 


sé 


excellent” or “good” (coefficient of variation S 15 


In concrete rated 
percent) the test for normality will, in fact, not reject this hypothesis. In 
poorly controlled concrete, however, a discrepancy between the observed 
distribution and the theoretical normal distribution becomes noticeable and a 
skewness occurs on the side of the higher strengths.'.?.> This skewness, and 
the fact that the strength of concrete is an exponential function of the water- 
cement ratio have led the writers of this discussion to the assumption of a 
logarithmie normal distribution of strengths. 


This assumption was checked by the writers. They investigated a number 
of large building projects, independent from each other.' The strength of 
the concrete investigated varied from v = 14 percent in the best controlled 
project to v = 33 percent in the poorest one. The test of normality after 
logarithmic transformation did not lead to rejection of the hypothesis. 


Hence instead of calculating f,, for a specified strength f,’ 


Ser 


This means that whenever ¢ 2 | and of < 1 the assumption of a normal dis- 
tribution would call for a higher average strength than required on the basis 
of logarithmic-normal distribution. The difference is negligible when the co- 
efficient of variation falls below 15 percent and/or when it is required that 
less than 90 percent of the strengths fall above the specified strength. It is 
however of considerable practical value for concrete with a high coefficient 
of variation, as well as whenever only a small percentage of all the strengths 
is to fall below the specified strength. 


A coefficient of variation of 15 percent and above is often met with in 
Kurope and in this country, and, as mentioned by Blanks® in the United 
States it may also be as high as 35.9 percent. Moreover, in many countries 
as in England for instance—it is usually required that 99 percent of all strengths 
fall above the specified strength. 

*Professor of Civil Engineering and Head, Building Research Station, Technion, Israel Institute of Technology 


Haifa, Israel. Ms ; ey ‘ 
tResearch Engineer, Building Research Station, Technion, Israel Institute of Technology, Haifa, Israel. 
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TABLE A—RATIO OF REQUIRED AVERAGE STRENGTH f., TO SPECIFIED STRENGTH f.’ 


Coeffi Chances of falling below specified strength 
crent 
of 1 10 1:20 | l | l 100 
varia | 
tion, Log | Log | | Log 
percent Norm. norm Norm norm. | | norm 


5 , | 1.090 1.087 | 1,125 

10 1 1.197 1.185 , 1.268 

15 | 238 260 | | (1.328 1.294 | 1.434 
1.490 | 45 1.625 
1.699 557 | 06 ) 2 1.846 ‘ 
1.974 2.42 2.102 1.401 


A greater accuracy in the determination of the distribution is therefore of 
particular economic value. Besides, the logarithmic-normal distribution 
lends itself to simple mathematical treatment. 

In parallel with Fig. 5 (p. 571) of the report, Fig. A shows the effect. of 
normal and logarithmic-normal distribution on the average strength required. 
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Table A summarizes the results of calculation of the average strength re- 
quired when either a normal or log-normal distribution is assumed. It is be- 
lieved that the use of such a table might prove easier to the practical engineer, 
as it relieves him from calculations. 
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By WALTER K. WAGNER* 


Based on experience of recent years this writer recognized that the co- 
efficient of variation was not constant for all classes of concrete within a 
given operation. In our ready-mixed concrete production we have designed 
structural mixes for strengths ranging from 1000 psi for lightweight concrete 
to more than 5000 psi for sand-gravel concrete. 


‘Two years ago an analysis of our test data indicated that our coefficient 
of variation varied inversely with strength and could be expressed as: 


where V = coefficient of variation in percent 
S = compressive strength in psi 
K = a constant dependent on the control level 


A value of 40,000 was assigned to K based on our field test data. Later 
it was found that Himsworthf presented data with a similar trend but which 
gave a K value of 80,000. This expression, V = A/S (an equilateral hyper- 
bola), gave unrealistic values, however, for V for the strength range below 
2500 psi. Although our data were too meager to establish a reliable V for 
this low-strength concrete, it was obvious that 40 percent was unreasonable 
for the 1000-psi class. 

A further study of our data showed that when standard deviations are 
plotted on a logarithmic scale, as reductions from their respective 28-day 
strengths, against water-cement ratios, the points appear to lie in a straight 
line and converge at zero water-cement ratio at the same point of convergence 


*Chief Engineer, <4 ue Gravel Products Co., Albuquerque, N. M 
I 


tHimaworth, | 2., “The Variability of Concrete and Its Effect on Mix Design,”’ l’roceedings, Institution 
of Civil Engineers, (London), V. 3, Part 1, No. 2, Mar. 1954, p. 169 





EVALUATION OF COMPRESSION TEST RESULT! 1981 


of the 7- and 28-day strength lines. Fig. B shows this plot of four groups of 
field tests that were made at approximately the same level of control. They 
were selected here because of a fairly wide range of strength classes. Average 
strength values for the groups and their respective values for standard devia 
tion and coefficient of variation are given in Table B. The standard deviation 
lines of Fig. B, which might be called “sigma lines,”’ represent the average 
strength values reduced by their standard deviations. 


It occurs to this writer that this interpretation of the variance of coneret 
strengths is a logical and realistic one. For a given level of control, such as 
that of a ready-mixed concrete plant producing a wide range of concrete mixes 
it Is necessary to develop reliable test data for only one mix to design a com 
plete series of mixes. 

The familiar Abrams’ expression S A/B* is used to denote strength in 
terms of water-cement ratio, where S compressive strength at any age, a 
water-cement ratio by weight, and A and B are constants. Abrams deter 
mined the point of convergence A to be 14,000 psi at zero water-cement ratio 
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Thus, the 28-day and “sigma” strength lines can be written respectively: 


1 
B? os 


{ 
and WS, ; (for 28 days 


Subtracting, we get 


but Sos S, a standard deviation, and A 


age strength, therefore 
Bay \? 
«fh ()) 
B, 


and since | a X X& 100 the expression reduces to: 


r=[1~ (2) ] 


For the data in Table B, the average values for Bos and B, are 7.057 and 
8.572, respectively, and Iq. (2) for this particular set of data reduces to the 
simple form: 


[1 — 0.8429] 100 


Values for ¢ and V computed from Eq. (3) are as follows for various 28-day 
strengths 


Sos W/C 


2000 O.O88 
4000 0.784 
1000) 0.640 
5000 0.528 
6000 0.436 


TABLE B—FIELD STRENGTH TEST DATA FOR READY-MIXED CONCRETE OF WIDE 
RANGE OF STRENGTHS AT UNIFORM CONTROL LEVEL 


7 days 28 days 


| Coefficient} | } Coefficient 
Average Standard | Difference of Average Standard | Difference of 
| strength deviation Sr a variation, strength deviation, Sa a variation 
psi pei | psi percent pel | psi ” percent 
Sr @ | 8 V So a ; 


1840 sO0 1530 16.5 2840 100 
200 440 2250 16.4 4670 4150 
4000 470 $200 10.1 41700 100 
4930 570 1360 | 11.6 5900 350 
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COMMITTEE CLOSURE 
The wide interest in the report of Committee 214, as exemplified by the 
excellent discussions received on the original report and also the proposed 
standard, is evidence of the need of a standard for evaluation of tests. 


The most apparent reason why such a standard has not been produced 
sooner is the wide difference in thinking between the theoretical statistician 


and the practical concrete engineer. Committee 214 has endeavored to apply 


some simple statistical methods in a way which would be readily acceptable 
and usable by the concrete industry. Assumptions made in the report were 
based on field tests and experience from a cross section of the conerete in 
dustry. It is not surprising that these assumptions do not completely agree 
with some individual investigations, and some of the refinements in the theory 
of statistics may have been neglected. It has been the experience of the 
committee, however, that statisticians themselves do not entirely agree, and 
it would be difficult to prepare a report completely satisfactory to everyone 

It is the hope of Committee 214 that the proposed standard will not be 
accepted at face value, but will continue to serve as a stimulus for active 
discussion and for accumulation of test results and experiences In this way 


the report can become more authoritative. 





